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ABSTRACT
1. Of the glucose taken up by washed rat spleen slices from well-fed 
or 72-hr. starved rats, 60 - 70% is converted to lactate while the 
oxidation of the remaining carbon to CO^ accounts for only 25 - 30% of 
the respiratory fuel. Addition of physiological levels of hormones, 
including insulin, or anaerobiosis, do not significantly alter the 
uptake of glucose. At saturating glucose concentrations (> 5 mM) its 
contribution to the respiratory fuel of the slice increases to a maximum 
value of 34 - 39%. Only 2% of the glucose carbon utilized is metabolized 
via the oxidative limb of the pentose phosphate pathway.
2. Lactate (5 mM) and pyruvate (2.5 mM) compete with glucose (3 mM) 
as oxidative substrates without affecting its uptake, but their 
maximal individual or combined contribution to the respiratory fuel is 
only 30 - 35%.
143. The failure of added [U- C] pyruvate (up to 20 mM) to label more 
than 30% of the carbon atoms of the respiratory CO^ indicates that the 
entry of glucose carbon into the tricarboxylic acid cycle is limited, 
ultimately, by the rate of pyruvate oxidation. It is suggested that 
the continuing oxidation of endogenous lipids may cause suppression of 
pyruvate oxidation by inhibition of pyruvate dehydrogenase.
4. Addition of 4 mM 2-bromostearate in the absence of added substrate 
inhibits the oxygen consumption of spleen slices from the 72-hr. starved 
and well-fed rat by 43 - 55%. Addition of glucose (3 mM) fails, while 
pyruvate (9 mM) only partially succeeds, in restoring the impaired 
respiration.
5. Of the pyruvate dehydrogenase-independant substrates tested, 
acetoacetate (4 mM) completely suppresses glucose oxidation and
iii
14contributes 45% to the respiratory fuel. [U- C] stearic acid, 
however, labels only 2% of the respiratory CO^. Neither substrate 
influences the uptake of glucose.
6. Of the principal endogenous fuels of the slice [neutral triglyceride 
(43 - 55%) and amino acids (35 - 47%)], only amino acid oxidation is 
affected in a major way by the presence of added oxidative substrates
(^ 50% inhibition) .
7. The metabolic contributions of the constituent cell populations 
of the washed slice have been calculated. Lymphocytes can account for 
90% of the glycolytic activity while it is suggested that macrophages 
probably account for the major part of the respiratory activity.
8. Hexokinase, phosphofructokinase, aldolase, and pyruvate kinase 
are all shown to catalyse 'non-equilibrium' reactions in vivo, while 
phosphofructokinase has been positively identified as a regulatory 
enzyme during ischaemia of the intact spleen.
9. Estimation of the intramitochondrial free [acetyl CoA]/[CoASH] 
ratio has allowed calculation of the mass-action ratio of the pyruvate 
dehydrogenase reaction in vivo, which, when compared with its apparent 
equilibrium constant, shows the reaction to be removed from equilibriumg
by a factor of  ^ 10 .
10. The graft-versus-host reaction stimulated the respiratory rate
14(30%), glucose uptake (15%) and incorporation of [U- C] glucose into 
protein (90%) and nucleic acid (40%) in incubated spleen slices. 
Measurement of glycolytic intermediates in vivo revealed a reverse 
'crossover' at phosphofructokinase that was suggestive of increased 
glucose carbon flux through the pentose pathway. Subsequent investigation 
of the oxidative limb of this pathway showed no increase in activity 
compared with slices from unstimulated animals. It is concluded that
iv
it is the activity of the non-oxidative segment of the pentose pathway 
that must be stimulated.
11. The suitability of spleen slices for metabolic studies is 
discussed. The only serious major perturbation encountered, compared 
with the freeze-clamped organ, is an elevated mitochondrial [NAD+]/[NADH] 
ratio (caused by the large production of ammonia) that is partially 
restored to normal on incubation with glucose. It is suggested that it 
is the high level of ammonia in the slice (1.8 mM), acting as an 
activator of phosphofructokinase, that might explain the observed 
insensitivity of glucose utilization to conditions such as starvation, 
anaerobiosis and incubation with competitive oxidative substrates.
The same explanation can account for the high rate of conversion of 
glucose into lactate by the sliced tissue.
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SECTION I
INTRODUCTION
1CHAPTER I
INTRODUCTION
The Spleen
The spleen is an organ which varies considerably in its gross 
anatomy according to the species of origin. The macroscopic variations 
are usually associated with its relative size, the numbers of smooth 
muscle cells present and the architecture of its internal microvascular 
system.
In general the spleen is dark red in colour and has a soft, friable 
structure, is of variable size, and lies, in the mammal, between the 
fundus of the stomach and the diaphragm.
PLATE 1.1 Spleen from Wistar rat.
2The mammalian s p le e n  c o n t a in s  t h e  l a r g e s t  s i n g l e  mass o f  lvnpha t ic
t i s s u e ,  th e  l a r g e s t  accumula t ion  o f  ph ag o cy t ic  r e t i c u l o - e n d o t h e l i a l
c e l l s  and i s  th e  most im por tan t  b lood f i l t e r  o f  the  body. The Ronan
a n a to m is t ,  Galen ,  h a s  d e s c r ib e d  the  sp leen  as " M i s t e r i i  plenum organum",
an organ " f u l l  o f  Mystery" .  Th is  d e s c r i p t i o n  i s  no t  e n t i r e l y  un t rue
even today .  In t h e  f i r s t  Eng l ish  t r a n s l a t i o n  o f  P l in y  (quoted  from
McNee, 1930-31,  s e e  Cowdry, 1944) th e  fo l low ing  passage  i s  found.
. . .  Th is  member ha th  a p r o p r i e t i e  by i t s e l f e  sometimes,  
to  h i n d e r  a man’ s runn ing :  where upon p r o f e s s e d  runne r s
in  th e  r a c e  t h a t  bee t r o u b l e d  wi th  the  s p l e n e ,  have a 
dev i se  t o  b u m e  and wast i t  w ith  an ho t  yron.  And no 
m a rv e i l e :  f o r  why? th e y  say  t h a t  th e  sp lene  may be taken
out  o f  t h e  b o d ie  by way o f  i n c i s i o n ,  and y e t  t h e  c r e a t u r e  
l i v e  n e v e r t h e l e s s e . . .
Although th e  s p l e e n  has  a number o f  w e l l - d e f i n e d  f u n c t i o n s  none of  
t h e s e  a re  un ique ,  so t h a t  in  i t s  absence  o t h e r  t i s s u e s ,  such as the 
bone-marrow, lymph-nodes and l i v e r  a re  a b le  to  t a k e - o v e r  i t s  v a r io u s  
f u n c t i o n s .
H is to lo g y
Capsule and t r a b e c u l a e
The s p l e e n  i s  u s u a l l y  surrounded by a c ap s u le .  Th is  c o n s i s t s  o f  
co l lag en o u s  w h i te  f i b r o u s  t i s s u e  and yel low e l a s t i c  f i b r e s  w ith  
v a r i a b l e  numbers o f  smooth muscle f i b r e s  ly ing  in  between.  From the  
c a p s u le  many t r a b e c u l a e  p e n e t r a t e  deep i n t o  th e  t i s s u e  and form the  
s p l e e n ' s  s t r u c t u r a l  framework.  The t r a b e c u l a e  a re  a l s o  f i b r o u s ,  
c o n s i s t i n g  o f  e l a s t i c  and muscle f i b r e s  and,  t o g e t h e r  w i th  th e  c a p s u l e ,  
t h e y  make up t h e  c o n t r a c t i l e  el ements  o f  th e  sp le e n .  The r e l a t i v e  
p r o p o r t i o n s  o f  e l a s t i c  t i s s u e  t o  muscu lar  t i s s u e  a r e  s p e c i e s  dependen t .  
In man, f o r  example,  t h e r e  a re  few muscle f i b r e s  so t h a t  the  s i z e  (and 
hence the  blood volume) o f  th e  s p le e n  i s  determined  by th e  amount o f
3elastic tissue it contains, the pressure of the blood and the tone 
of the splenic vasculature (Grayson and Mendel, 1961). In species 
where muscle is predominant (e.g. ruminants, the bear and the dog, 
Klemperer, 1938) active contraction of the spleen is possible and by 
this means the size and blood volume of the spleen may be significantly 
altered.
PLATE I.2 Section, perpendicular to capsule of rat 
spleen. Trabeculae (t) and white-pulp (w) 
are stained blue using Mallorys stain X45.
White pulp (Malpighian bodies)
The white pulp (lymphatic tissue) resembles the lymphatic nodules 
of the lymph node, and forms a sheath around the small arteries of the 
spleen. The white pulp consists of a stroma made up of a network of 
reticular fibres closely joined to primitive reticular cells and 
phagocytic reticular cells (fixed macrophages). The meshes of the
4framework are filled with free lymphocytes of various sizes, distributed 
to form diffuse and nodular lymphatic tissue. Within the white pulp 
area are the germ centres or lymph nodules, which are composed of 
large pale-staining cells surrounded by a deeply-staining border of 
densely packed lymphocytes. The absolute amount of this dense 
lymphatic tissue varies continuously and reflects the reaction of the 
constituent lymphocytes to various antigenic stimuli. It is in these 
areas that lymphocyte proliferation takes place. In the young these 
lymphocytopoietic centres are numerous but gradually decrease in size 
and number with age.
Cross-section of rat spleen showing 
white-pulp (w) with pale-staining 
germinal centres Cg) stained with H+E 
X20.
PLATE 1.3
5PLATE 1.4 Cross-section of white-pulp (w), 
showing artery (a) and vein (v) 
stained with H+E, X300.
Lymphocytes that enter or are manufactured in the white pulp are 
eventually shed into the marginal zone, which lies between the white 
pulp and red pulp, before they migrate into the red pulp. Finally, the 
lymphocytes are either taken up by the rather small lymphatic capillaries 
that lie close to the trabeculae or they enter the blood stream via 
the sinuses of the red pulp.
Red pulp
The white pulp areas appear to be entirely surrounded by what 
amounts to a virtual lake of venous blood (red pulp). Red pulp consists 
of "venous sinuses" and tissue that fills the spaces between them 
called "splenic" or "Billroth Cords". The "Billroth Cords" form a 
spongy network. Their tissue is a modified lymphatic tissue which
6merges gradually into the tissue of the white pulp. This intermediate 
area contains some erythrocytes but is devoid of venous sinuses and is 
called the "marginal zone".
PLATE 1.5 Cross-section of rat spleen showing
artery (a), white-pulp (w), "marginal 
zone" (m), venous sinuses (s) lined 
with reticulo-endothelial cells (r) 
and splenic cords (c). H+E with 
reticulum stain X600.
A framework of reticular fibres which are an extension of the 
trabeculae forms the foundation of the red pulp and it is evident that 
these fibres extend into the white pulp areas. In the meshes of this 
framework of the red pulp there are many lymphocytes, free macrophages 
and all the elements of the circulating blood. The polymorphonuclear 
leukocytes (polymorphs) are the most numerous of the free cells.
The free macrophages, which are similar to the fixed macrophages 
of the venous sinuses, frequently contain erythrocytes in different
7stages of digestion.
Blood Supply
The arterial system is derived from the splenic artery, which is 
itself a branch of the coeliac artery. Within the lieno-renal 
ligament, which is part of the peritoneum that surrounds the spleen 
and connects it to the posterior abdominal wall, the splenic artery 
divides into five or more branches which ramify in the substance of 
the spleen.
The splenic arteries and veins are enclosed in a thick fibrous 
sheath derived from the capsule. After only a short distance, the 
artery becomes separated from the accompanying vein, but retains its 
sheath and becomes the trabecular artery, which divides repeatedly 
within the trabeculae. When the arterial diameter reaches about 0.2 mm, 
it leaves the trabeculae, loses its fibrous sheath and becomes 
surrounded by white pulp (lymphoid tissue). An extensive capillary 
network supplies the pulp and, at the boundary of the germinal centre 
and the marginal zone, there are interruptions in the capillary walls 
through which lymphocytes formed in the germ centre, may pass directly 
into the circulation (Moore, Mumaw and Schoenberg, 1964). The terminal 
branches of the artery lose their lymphoid sheaths and enter the red 
pulp as a brush of precapillary arterioles, also called penicilli.
When the diameter of these arteries is reduced to about 5 y their 
muscular coat is lost and they become surrounded with an ellipsoid 
sheath (Schweigger-Seidel, 1863). The fate of the terminal capillaries 
which leave the sheath is not definitely known. Some observers have 
suggested that the arterioles end freely in the meshes of the reticulum 
of the red pulp ("open circulation"). In this situation blood is
8postulated to have direct access to extravascular spaces from where 
it is filtered into the venous sinuses (Robinson, 1926). Other 
workers (Billroth, 1862) suggest a direct communication of the 
arterioles with the venous sinuses ("closed circulation"); while 
Klemperer (1938) has proposed that the circulation is closed in a 
contracted spleen but may become open when the spleen is distended.
The veins of the spleen begin as networks of venous sinuses which 
penetrate the entire red pulp area and are especially numerous outside 
the "marginal zone" surrounding the white pulp. These vessels are 
called sinuses because they have a wide (12-40 y) irregular lumen, 
which varies in volume with the amount of blood held in the organ.
The walls of the sinuses are recognised by their characteristic 
reticulo-endothelial cells which lie perpendicular to the long axis of 
the sinus and are attached to a prominent basement membrane. These 
reticulo-endothelial cells interdigitate with each other except in 
those sites where there are openings filled with motile cells crossing 
the sinusoidal walls (Moore et at, 1964). Many of these reticulo­
endothelial cells, also called littoral cells, are phagocytic but they 
appear to play only a minor role in the sequestering of erythrocytes 
during the process of red cell destruction (Dorfman, 1961).
The venous sinuses empty into the veins of the pulp. These pulp 
veins then coalesce to form the veins of the trabeculae. The trabecular 
veins form the splenic veins, which leave the organ and empty into the 
portal vein.
Functions Of The Spleen
In mammals the complex structure of the spleen is associated with 
diverse functional roles which come into play at different times.
9These include the formation, destruction, filtration and storage of 
blood, and immunological functions, such as phagocytosis of foreign 
material, production of specific antibodies in response to antigenic 
stimuli and the formation of lymphocytes.
Erythropoietic functions
Jordan (1933), in tracing the phylogeny of the blood-forming 
tissues from invertebrates to vertebrates via the annelids and 
cyclostomes, found that a lymphocytoid cell always represents the 
primordial element from which all types of more-differentiated blood 
cells originate. The original blood-forming organ is the spleen but in 
many of the lower vertebrates, such as the hagfish, the spleen is a 
diffusely scattered tissue lying around the venous channels in the 
submucosa of the gastro-intestinal tract.
In advancing along the evolutionary scale the reptiles have spleen 
forms intermediate between amphibia and bony-fish on the one hand, 
where the spleen is the primary blood-forming organ and the birds and 
mammals on the other, where the red bone marrow has largely taken over 
this function. In some of the lower mammals, including the marsupial 
opossum, the spleen is an active erythropoietic organ in the young 
animal while this function continues to be important in adult rodents, 
such as the mouse and rat (Moore and Metcalf, 1971; Fruhman, 1970).
The spleen is reported to be an important erythropoietic organ in rats 
and mice, not only for the day-to-day production of erythrocytes, but 
also in replacing the bone-marrow during immune responses illicited by 
certain bacteria and viruses, (Fruhman, 1970). In most other mammals, 
including the human, erythropoiesis is considered important only during 
intrauterine life (Crosby, 1959), although the spleen evidently retains
10
the capacity to form erythrocytes throughout adult life.
The spleen, in the human, has been implicated in the control of 
erythropoiesis in the bone marrow (Crosby, 1959). It is suggested 
that the spleen may determine the stage of development at which young 
erythrocytes are released from the bone-marrow. It has been shown, 
for instance, that the rate of immature erythrocyte release is greatly 
increased in splenectomised patients (Crosby, 1950) where this control 
mechanism is no longer operating.
Blood filtering and storage functions
The filtration of blood by the spleen has two major functions:
(i) the maintenance and destruction of circulating erythrocytes and
(ii) the removal of foreign matter, such as bacteria, and other 
invading organisms (e.g. the malarial parasite) from the blood stream.
The spleen has the ability to scrutinize passing red cells and 
to remove those cells from the circulation that do not meet certain 
minimum requirements. This function of the spleen has been termed 
the "culling function". It has been suggested by Crosby and Akeroyd 
(1952) that about 10% of the erythrocytes produced by the bone marrow 
are deformed or otherwise abnormal and are incapable of surviving
f
for normal periods in the circulation. One reason for their failure 
to survive is the presence of a normal spleen. On the other hand the 
"pitting function" of the spleen refers to its ability to remove a 
solid particle from the cytoplasm of a red cell without destroying the 
cell itself. In this case, rather than eliminating the red cell 
from the circulation, corrective action is taken.
The idea that the spleen might serve as a store for blood has 
been suggested for several hundred years (Stukeley, 1723). The phrase
"venting one's spleen" (see Shorter Oxford dictionary) was first 
coined during the seventeenth century and refers to the flushed 
appearance of persons during periods of anger or rage. However it 
was not until the 1920's that some concrete evidence of the spleen's 
blood storage function was shown. Barcroft (1926) reported that, in 
dogs, splenic contraction could increase the total blood volume by 
6-15%. Similarly Izquierdo and Cannon (1928) found that in cats, 
excitement produced an increase of over 25% in the red cell count 
which they ascribed to a rapid discharge of blood from the splenic 
reservoir. However, more recently Parson et at (1948) have provided 
convincing evidence that in man there are no significant reserves of 
blood in the spleen that are available for emergency mobilization.
This latter finding emphasizes the need for caution in extrapolating 
findings from one species to another. Dog spleen, which provided most 
of the early evidence leading to the concept of blood storage, differs 
strikingly from human spleen in the amount of muscle it contains.
It is well established that the spleen is one of the major sites 
for the destruction of aged and malformed erythrocytes (Crosby, 1959; 
Wintrobe, 1961) . However it is not clear how and where these cells 
are sequestered, phagocytised, and destroyed. The macrophages in the 
inter-sinusoidal tissue contain numerous degenerating erythrocytes 
and iron-containing compounds presumably derived from them. In contrast, 
the reticulo-endothelial cells lining the sinuses contain very few 
erythrocytes. Stewart et at (1950) have suggested that the mechanical 
trauma the erythrocytes are subjected to during their passage into 
the inter-sinusoidal tissue, may selectively damage the older and more 
fragile cells and thus promote their removal.
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Closely connected with erythrocyte destruction by the spleen is 
its function in iron metabolism. Haemoglobin from the red cells is 
degraded and eventually returned to the erythroblasts as hemosiderin 
(a protein-ferric hydroxide complex) for reincorporation into 
erythrocytes. It is reported by Crosby (1959) that in cases of 
heriditary spherocytosis in man 150 mg of haemoglobin iron may be turned 
over per day by the splenic phagocytes.
The phagocytes of the spleen are important in a second sense, 
because they act also as a first line of defence against the invasion 
of the body by bacteria, other pathogenic microorganisms and particulate 
or colloidal materials. There is ample evidence (Moore et at, 1964) 
that small colloidal particles introduced into the circulation are 
rapidly phagocytesed, not only by the reticulo-endothelial cells lining 
the sinuses of the spleen but also by the histiocytes in the inter- 
sinusoidal tissue and follicles. This has important implications, not 
only in the removal of inert colloidal material, but also for antigen 
uptake and the rapid response of the follicles, marginal zones and red 
pulp to antigenic stimuli (see Nelson, 1969).
Immunological functions
The immunological functions of the spleen are concerned initially 
with the ingestion of invading organisms and foreign antigens that 
occur in the blood. The splenic macrophages that perform this function 
are orientated to scrutinize and remove materials from the blood during 
its passage through the organ. The spleen, therefore, may be compared 
with other filter organs of the blood such as the liver and bone marrow. 
Of these, the liver, because of its size, is of greatest importance 
phagocytically but it is only of minor importance in the production of
13
antibody (Miller and Bale, 1954; Miller et al , 1954). Although the 
spleen is not unique among the filter organs in any single immunological 
function, it is unique in the heterogeneity of its functions (for 
example, in its initial phagocytic function and subsequent cytopoietic 
activity followed by the formation of specific antibodies).
Cytopoiesis
Reticular cells of the sinuses and inter-sinusoidal spaces are 
continuously available for removing foreign material from the blood 
but are a totally inadequate defence mechanism except in the mildest 
of infections. Increased numbers of phagocytes, therefore, are of 
critical importance, especially during the early stages of an infection 
in the non-immune host before opsonins appear to increase the 
effectiveness of individual phagocytes. The production of new 
phagocytes is one aspect of the opposed processes of cell destruction 
and cytopoiesis that proceed simultaneously in most infections and, to 
a lesser extent, during immunization procedures. There is now abundant 
evidence that the primitive precursors of macrophage stem cells are 
located mainly in the bone marrow (Balner, 1963) . However, Taliaferro 
(1949) ,  has suggested that both polymorphonuclear and mononuclear 
phagocytes are also manufactured in the spleen from lymphocytes and 
their lymphoid relatives as well as from the reticulo-endothelial cells 
of the venous sinuses. Taliaferro and Taliaferro (1955) have described 
an initial proliferation of the reticulo-endothelial cells of the 
chicken spleen during an acute infection. They noted that 
these cells were unable to meet the continuing demand for phagocytosis 
and were quickly surpassed in importance by the proliferation of the 
lymphoid cells. This suggestion has been correlated with an increase
14
of nearly four-fold observed in the number of lymphoid follicles per 
unit area of chicken spleen infected with P. lophurae (chicken Malaria)
(see Taliaferro and Taliaferro, 1955).
The rise in the number of nodules is closely paralleled by an 
increase in the numbers of lymphocytes in the non-nodular dense 
lymphatic tissue and red pulp of the spleen.
Mitotic activity in the white pulp areas is usually concentrated 
in the germinal centres and gives rise to large number of lymphocytes 
and plasma cells. Many of these cells leave the immediate vicinity 
of the germinal centre and pass directly into the red pulp and blood 
stream (Hanna, 1964). Plasma cells, which are typically recognised 
by their elaborate endoplasmic reticulum, are thought to be the main 
antibody producing cells in the spleen (Leduc e t  d l , 1955). Langevoot 
e t  d l (1961) have shown that, while antibody formation can take place 
in any part of the spleen, it is especially active at the margins of 
the non-follicular white pulp where the plasma cells are more numerous.
The production of antibody
Following infection or intravenous injection(s) of antigen, the 
spleen is initially the most active lymphoid tissue in the formation 
of antibodies. Taliaferro (1956) has shown that rabbits given a 
single injection of whole sheep red cells produced as much antibody in 
the spleen during the first week after injection as the entire non-splenic 
sources did during the following three weeks. However, splenic antibody 
synthesis declined very rapidly after reaching a peak within 7-8 days, 
while the non-splenic sources were able to maintain quite high levels 
of serum antibody for a further six weeks. Somewhat surprisingly, 
repeated injections of antigen into splenectomised rabbits caused a
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much greater production of antibody than that found in the intact 
control rabbits. It has been suggested on the basis of these experiments 
by Taliaferro and Taliaferro (1951) and Taliaferro (1955) that the 
spleen has certain regulatory actions that limit the early production 
of antibody by non-splenic antibody-forming sites.
The Energy Metabolism Of The Spleen And Other Lymphoid Tissues
The immunological role played by lymphoid tissues, particularly 
lymphocytes, in the mammal is currently a subject of considerable 
interest. In spite of this there is, at present, little detailed 
biochemical information available on the oxidative metabolism and its 
regulation in intact lymphoid tissues. Indeed, as recently emphasized 
by Krebs (1972), little or no quantitative information exists on the 
normal respiratory fuel of the mammalian spleen and bone marrow, nor 
is there any detailed metabolic information on the thymus or lymph node.
Lymphocytes, macrophages and polymorphonuclear leukocytes 
(polymorphs) have been given some individual attention, but in many cases 
the results from different workers are inconsistent and even contradictory. 
Almost without exception in all of these tissues glucose has been the 
only fuel considered and few attempts have been made to define the 
'normal' or 'preferred' respiratory fuels. A review of the most 
important literature on the energy metabolism of intact lymphoid 
tissue and major lymphoid cells types (lymphocytes, macrophages and 
polymorphs) is given below.
Respiration and glycolysis in spleen
Several of the early metabolic workers included the spleen slice 
in their studies of mammalian tissues, and some of these principal 
reports are summarised in Table 1.1. Dickens and Greville (1933a,b)
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showed that spleen has a much higher rate of aerobic lactate production 
than brain, kidney, and liver but a lower rate than that of retina. 
However, spleen slices showed only a weak Pasteur effect in comparison 
with other tissues such as brain, retina and kidney. Oxygen uptake 
was reported to be increased on the addition of glucose and fructose 
(see Table 1.1) and it was suggested from the respiratory quotient 
(0.88 - 0.91), that spleen has a mixed fat and carbohydrate metabolism. 
Weil-Malherbe (1938) has also reported similar rates of oxygen 
consumption, aerobic and anaerobic glycolysis to those given by Dickens 
and Greville (Table 1.1).
Krebs (1950) has considered the possibility that the respiration 
of individual tissues of animals decreases with increasing animal size. 
In his report the respiratory rate of five tissues, including spleen, 
was measured in slices taken from nine different animals. Although 
there were exceptions to the rule, the respiratory rate of spleen 
slices did appear to decrease with increasing animal size. The mouse 
spleen was reported to have the highest oxygen uptake (755 y moles/hr/ 
g.d.wt.), the cat had an intermediate value (375 y moles/hr/g.d.wt.) 
while the horse spleen displayed the lowest oxygen uptake (188 y moles/ 
hr/g.d.wt.). The respiratory rate found in the rat, from Krebs’ (1950) 
data, was in good agreement with the values of Dickens and Greville 
(1933a,b) and Weil-Malherbe (1938). In general the uptake of oxygen 
by spleen slices from the animals considered was about one third of 
the rate found in kidney cortex slices, one-half the rate of brain 
cortex slices and 30-40% lower than liver slices.
Oxygen uptake and glucose utilization have also been measured 
on minced rat spleen preparations (Roberts and White, 1953). The rate
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of oxygen uptake was only about 25% of the slice values, although the 
glucose utilization compared quite favourably with similar measurements 
made in chicken spleen slices (Moulder and Taliaferro, 1955).
Ruble e t  a t (1969) have measured oxygen uptake, glucose utilization 
and lactate production against varying oxygen tensions and flow rate 
in the isolated perfused pig spleen. The maximal respiratory and 
glycolytic rates were obtained at a flow rate of 2 ml/g spleen/min 
and an oxygen tension of 251 - 350 mm Hg (2 or 3 times that found in 
human arterial blood). The oxygen uptake was clearly much lower than 
that found for spleen slices from the rat, but this may in part be 
explained by a lower overall respiratory rate of pig spleen due to the 
larger size of the animal. The production of lactate was in quite 
good agreement with rat slice studies, but more lactate was formed 
than could be accounted for by the glucose taken up. It has been shown 
in our study that the rat spleen contains little glycogen, so that 
the extra lactate is unlikely to be derived from this source. It is 
more likely that the glucose measurements are incorrect because Ruble 
e t  a t (1969) used the glucose oxidase method as their assay procedure. 
After exhaustive testing with rat spleen extracts it has been shown 
in the present study that no meaningful glucose measurements can be 
made with this method.
The data presented in Table 1.1 from the work of Moulder and 
Taliaferro (1955) was part of a study undertaken to ascertain whether 
the extensive changes in the spleen of chickens, following infection 
of the birds with Ptasrriodi'oon gattinacevm  (chicken Malaria), were 
accompanied by changes in the rates of aerobic and anaerobic glucose
metabolism in slices.
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In the control, uninfected birds, the respiratory rate of the 
slices was similar to the rates found in rat spleen slices. During 
infection of chickens with P. qallinaoeum the spleen was found to be 
doubled in weight. However, oxygen consumption and aerobic and 
anaerobic glucose metabolism were not significantly altered as a result 
of this treatment.
In contrast to earlier findings that spleen slices from the rat 
display only a weak Pasteur effect (Dickens and Greville, 1933a,b), 
glucose uptake by chicken spleen slices was doubled under anaerobic 
conditions.
Jowett and Quastel (1935) appear to be the only workers who have 
attempted to investigate fatty acid and ketone body metabolism in the 
spleen. They reported that spleen slices incubated in the absence of 
added fatty acids produced no measurable acetoacetate, whereas in the 
presence of butyrate (10 mM) and hexanoate (7 mM) small but detectable 
quantities of acetoacetate were formed (approximately 18-20 y moles/hr/ 
g.d.wt.). This was accompanied by an increase in the respiratory rate. 
Jowett and Quastel concluded that the rat spleen has the capacity to 
oxidize short chain fatty acids. Only preliminary data were given 
for the utilization of acetoacetate and, although no quantitative 
determinations were made, spleen was reported to have the capacity to 
destroy acetoacetate. The presence of ß-hydroxbutyrate dehydrogenase 
was also shown, as significant quantities of acetoacetate (62.5 y moles/ 
hr/g.d.wt.) were formed during incubation of slices with ß-hydroxybutyrate 
(10-20 mM).
Itzhaki (1957) has provided some evidence of pentose pathway 
activity in rat spleen slices by following the incorporation of [U-^C]
glucose radioactivity into the ribose moiety of the purine and 
pyrimidine nucleotide components of RNA.
Respiration and glycolysis in other lymphoid tissues
Goldinger et al (1947) have studied the metabolism of bone 
marrow (see Table 1.2). They commented that although bone marrow is 
the site of great cellular activity, due primarily to its continuous 
cellular proliferation, these studies did not reveal comparable 
metabolic activity. The respiratory rate of slices (160 y moles/hr/ 
g.d.wt.) was found to be nearly double that of cell suspensions (94 y 
moles/hr/g.d.wt.) but it was considerably lower than that reported 
for rat spleen and thymus slices (Tables 1.1 and 1.2). Furthermore, 
the respiratory rate did not increase after addition of glucose, which 
was converted mainly into lactate. Of a number of other substrates 
that were tested (pyruvate, lactate, acetate and most of the tricarboxylic 
acid cycle intermediates) only glucose, pyruvate and acetate were 
utilized vigorously. The main pathway of pyruvate metabolism was 
suggested to be its conversion to acetate and subsequent oxidation to 
CO^ via the tricarboxylic acid cycle (Bartlett and Barron, 1947).
Further confirmatory evidence for this suggestion is given by Goldwasser 
(1968) who has shown the presence of all the enzymes of the tricarboxylic 
acid cycle in rat bone marrow. Addition of acetate (10 mM) to the 
slices stimulated the oxygen consumption by 21% and the amount of 
acetate utilized (84.5 y moles/hr/g.d.wt.) could account for 83% of 
the respiratory rate. The addition of other short chain fatty acids was 
reported to increase the respiratory rate in a similar manner but no 
quantitative details were given. Amino acid metabolism was considered 
to be unimportant as an energy source, since neither glutamate (10 mM)
21
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n o r  a s p a r t a t e  (10 mM) had any e f f e c t  on th e  oxygen u p ta k e .  A lso ,  
th e r e  was v e ry  l i t t l e  ammonia fo rm ation  d u ring  in c u b a t io n  w ith  o r  
w i th o u t  added amino a c id s .
M i l l e r  (1954) and Q uaste l  and B ick is  (1959) b o th  r e p o r t  r e s p i r a t o r y  
r a t e s  f o r  r a t  thymus s l i c e s  t h a t  a r e  s i m i l a r  to  th o s e  o f  s p le e n  s l i c e s  
(Tables 1.1 and 1 .2 ) .  I t  i s  i n t e r e s t i n g  to  n o te  t h a t  th e  oxygen u p take  
o f  minced t i s s u e  o r  c e l l  su sp en s io n  p r e p a r a t io n s  o f  s p le e n  (Table 1 . 1 ) ,  
bone marrow and thymus (Table 1 .2 )  were a l l  s i g n i f i c a n t l y  lower than  
t h a t  r e p o r te d  f o r  s l i c e d  t i s s u e  p r e p a r a t io n s  from th e  same organ .
M i l l e r  (1954) has a l s o  compared th e  r a t e  o f  a e ro b ic  l a c t a t e  p ro d u c t io n  
in  s l i c e s  and c e l l  su sp e n s io n s  p re p a re d  from th e  r a t  thymus. The 
a e ro b ic  r a t e  o f  l a c t a t e  p ro d u c t io n  in  thymus s l i c e s  (80 y m o le s /h r /  
g .d .w t . )  i s  c o n s id e ra b ly  lower th an  t h a t  r e p o r te d  f o r  sp le e n  (Table 1 .2) 
and d ec re ase d  on ly  16% when a c e l l  su sp e n s io n  was u sed .  The r e c e n t  
s tu d i e s  by Culvenor (1972) in  t h i s  l a b o ra to r y  on th e  g ly c o l y t i c  r a t e  
o f  r a t  thymocyte su sp e n s io n s  a re  in  good agreem ent w ith  the  f in d in g s  
o f  M i l l e r  (1954). In c o n t r a s t  to  r a t  s p le e n  s l i c e s ,  Culvenor (1972) 
found a s i g n i f i c a n t  P a s te u r  e f f e c t  when r a t  thym ocytes were in c u b a te d  
under an a n ae ro b ic  env ironm ent.  R oberts  and White (1953) r e p o r te d  t h a t  
g lu c o se  up take  by a r a t  thymus mince p r e p a r a t io n  (139 y m o l e s / h r / g . d .w t .) 
was s i m i l a r  to  th e  up take  o f  g lucose  by a sp le e n  mince (111 y m o les / 
h r / g . d . w t .  - see  Table 1 .1 ) ,  w h ile  bo th  o f  th e s e  v a lu e s  were more than  
tw ic e  th e  r a t e  o f  g lu c o se  up take  r e p o r te d  f o r  a lymph node mince (49 
y m o l e s / h r / g . d .w t . ) .  U n fo r tu n a te ly  no account o f  th e  l a c t a t e  produced 
was g iven  f o r  th e  sp le e n  o r  thymus under th e s e  c o n d i t io n s  so t h a t  no 
assessm en t can be made o f  th e  f a t e  o f  th e  g lu co se  m e ta b o l i s e d .  In the  
case  o f  the  lymph node m ince, c o n s id e ra b ly  more g lu c o se  was u t i l i z e d
23
than could be accounted for by the oxygen consumption or lactate 
produced. The respiratory rates of the lymph node minces, reported 
by Roberts and White (1953) and Barker and Schwartz (1953) were 
similar to the respiratory rate found in bone marrow slices but only 
slightly more than 50% of the rates found for spleen and thymus slices. 
The energy metabolism of the major cell types found in lymphoid tissues
In this section the energy metabolism of three of the main cell 
types found in lymphoid tissue (lymphocytes, macrophages and polymorphs) 
is considered.
Lymphocytes
The typical small lymphocyte found in the peripheral blood is a 
small, round, non-phagocytic cell with a characteristic pachychromatic 
nucleus and a thin rim of cytoplasm containing few mitochondria or 
other cytoplasmic organelles and staining a pale blue colour with a 
basophilic stain. Cells of similar morphology are found circulating 
continuously through the spleen, bone marrow, lymph nodes, Peyer's 
patches, lymphatics and blood. These are known as 'circulating 
lymphocytes'.
In tissue culture a proportion of the lymphocytes may be observed 
to move with a characteristic amoeboid locomotion. When monolayers 
of other cells are present, lymphocytes may be seen crawling over and 
occasionally entering the non-lymphoid cells. These lymphocytes 
evidently associate intimately with the other cells and may be involved 
in inspecting them for antigenic peculiarities (McFarland et at, 1966).
The role of lymphocytes in immunological reactions has been shown 
in many different ways and is now a well established fact. For example, 
Gowans and McGregor (1965) showed that animals with low levels of
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circulating lymphocytes, due to irradiation, treatment with cortisone, 
chronic lymphatic drainage or neonatal thymectomy, are less capable 
of responding to immunological stimuli than normal animals.
Lymphocytes have been shown to be capable of producing antibody 
(Cunningham, 1967), and most are believed to carry very small amounts 
of specific antibody on their surface which allows them to respond 
by proliferation when contact is made between the antibody receptors 
and a specific, complementary antigen. Current views are that 
lymphocytes are pre-programmed genetically to react to only one, or 
a very limited range, of antigenic determinants so that their plasma 
cell descendants produce antibody to this restricted range alone.
It seems likely that the primary immunological function of 
lymphocytes, at least those of thymus-derived lineage (T cells), is 
to engage in a cell-mediated immune response in which intimate cell 
contact between the lymphocyte and a target cell presenting the 
appropriate antigenic stimulus results in death of the target cell.
Such cell-mediated immune responses are seen in delayed hypersensitivity 
reactions, in homograft rejection following the grafting of foreign 
tissues and in immune responses to tumour cells.
Plasma cells are closely related to bone marrow derived 
lymphocytes (B cells) and almost certainly share the same lineage of 
ancestral cells. These cells appear to be highly specialized in that 
their single function is the mass-production of large amounts of 
specific antibody. Plasma cells are thought to contribute most of the 
antibody found in the peripheral blood during an immune response to 
soluble or particulate foreign antigens.
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The metabolism of lymphocytes
Glycolytic and respiratory rates found in lymphocytes have been 
studied by many workers (Table 1.3). Although their findings are 
very variable, in general the respiratory rate is about the same as 
that found in polymorphs while the glycolytic rate is considerably 
less (see Table 1.4).
Lymphocytes form an integral part of the lymphoid tissues such 
as the thymus, spleen, thoracic duct cells etc., yet their glycolytic 
and oxidative metabolism is quite variable. It appears to depend on 
their origin and cellular concentration during incubation. Oxygen 
consumption rates vary between 61 y moles/hr/1010 cells for lymphocytes 
from horse blood, to 240 y moles/hr/1010 cells for thoracic duct 
lymphocytes. One of the main reasons for observing these respiratory 
rate differences is probably due to the tremendous inhibitory effect 
of increasing cell concentration ("crowding effect") on oxygen uptake. 
Hedeskov and Esmann (1966), for example, found the oxygen consumption 
of human blood lymphocytes to increase dramatically with decreasing cell 
concentration. At cell concentrations of < 10 x 10° cells/ml oxygen 
uptake values as high as 600-700 y moles/hr/1010 cells were recorded, 
while at cell concentrations of ^ 40 x 10 cells/ml the rate was 
considerably less (100-150 y moles/hr/1010 cells), but relatively 
insensitive to changes in cell concentration. A small "crowding 
effect" was also reported for lactate production (Hedeskov and Esmann, 
1966) but the differences observed here between blood lymphocytes and 
those from other sources (thymus and thoracic duct) (Table 1.3) probably 
represent fundamental metabolic differences in lymphocytes from 
different origins.
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A Pasteur effect has been shown in most studies but again its 
reported values vary considerably from one worker to another.
Pachman (1967) and Kiss and Schuler (1963) found a 1.5 and 4-fold increase 
in glucose utilization under anaerobic conditions. Other workers did 
not measure glucose uptake but found increased rates of lactate 
production varying from 1.5-fold to 5-fold (Hedeskov and Esmann, 1966; 
Cooper and Fitzgerald, 1958; Culvenor, 1972). Hedeskov and Esmann
(1966) have also observed a small Crabtree effect (Crabtree, 1929), a
decrease in oxygen consumption of 137 to 117 y moles/hr/10*0 cells
when the glucose concentration was increased from zero to 16.7 mM.
The fate of glucose taken up by lymphocytes has been followed 
14using C labelled glucose by a number of workers. MacHaffie and Wang
(1967) and Hedeskov and Esmann (1967) have both found that the majority 
of the radioactivity recovered was found in lactic acid (75-98%) and 
only 0.5-2% was found in the CC^. Rabinowitz and Dietz (1966) on the 
other hand estimated that only 23% of the glucose taken up by human 
blood lymphocytes appears as lactic acid.
The contribution of the oxidative limb of the pentose phosphate 
pathway to the metabolism of glucose has been examined by Hedeskov and 
Esmann (1966). It was, however, reported to be of minor importance 
since it accounted for only 2-5% of the glucose metabolized. A number 
of other studies have demonstrated the presence of glucose-6-phosphate 
and 6-phosphogluconate dehydrogenases in purified peripheral blood 
lymphocytes, but quantitatively much less activity was found in these 
cells than in polymorphs (Nadler et dl, 1967; Nadler et dl, 1969; 
Rabinowitz, 1965).
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No in fo rm a t io n  appears  to  have been reco rd ed  on th e  u t i l i z a t i o n  
o f  f a t  as an energy s o u rc e .  The h igh  f a t  c o n te n t  o f  th e  lymph f l u i d  
must be c o n s id e re d  an abundant so u rce  o f  o x id a t iv e  fu e l  f o r  lym phocytes.
The d em o n stra t io n  o f  g lu tam ic  dehydrogenase in  lymphocytes (Balogh 
and Cohen, 1961; Gough and E lv e s ,  1966; W ulff,  1963) i n d i c a t e s  t h a t  
th e y  a re  p ro b ab ly  cap a b le  o f  bo th  amino a c id  o x id a t io n  and s y n th e s i s .  
Macrophages
The te rm  macrophage i s  a loose  one, d e s c r ib in g  c e l l s  w ith  d iv e r s e  
forms t h a t  v a ry  acc o rd in g  to  t h e i r  ana tom ica l s i t u a t i o n  and 
p h y s io lo g ic a l  s t a t e .  In  g e n e r a l ,  macrophages may be d iv id e d  i n t o  two 
ty p e s ,  th o s e  found f r e e  in  th e  p e r i t o n e a l  f l u i d  and a l v e o l i  and 'f ix e d *  
c e l l s  such as th e  K upffer c e l l s  o f  th e  l i v e r ,  th e  s p l e n i c  macrophages 
and th e  ' r e s t i n g  wandering c e l l s '  o r  h i s t i o c y t e s  o f  c o n n ec t iv e  t i s s u e .  
Macrophages have been shown to  be d e r iv e d  from m ononuclear phagocy tes  
(b lood borne monocytes) (B enne tt  and Cohn, 1966; Volkman and Gowans, 
1965) t h a t  a r e  m anufac tu red  in  th e  bone marrow and to  a l e s s e r  e x te n t  
in  th e  s p le e n .
Macrophages v a ry  c o n s id e ra b ly  in  s i z e  (15-30 y in  d i a m e t e r ) . The 
cy toplasm  f r e q u e n t ly  c o n ta in s  v acu o les  f i l l e d  w ith  in g e s te d  m a te r i a l  
( c e l l  d e b r i s  and b a c t e r i a )  w h ile  th e  a p p r o p r ia te  s t a i n i n g  r e v e a l s  
s p a r s e  m ito c h o n d r ia ,  a g o lg i  a p p a ra tu s ,  centrosom e and la rg e  numbers 
o f  lysosomes (S t r a u s ,  1959).
The fu n c t io n s  o f  macrophages a re  c l o s e l y  a s s o c i a t e d  w ith  t h e i r  
c a p a c i ty  f o r  p h a g o c y to s i s .  In th e  s p le e n  and l i v e r  macrophages in g e s t  
'w o rn -o u t '  e r y th r o c y te s  w ith  th e  r e s u l t  t h a t  i r o n - c o n t a in i n g  pigm ent 
may accum ula te  in  t h e i r  cy top lasm . Macrophages have a l s o  been shown 
to  c o l l a b o r a t e  w ith  lymphocytes d u r in g  th e  mounting o f  an immune
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response (for review see Nelson, 1969) and may be particularly 
important in facilitating interaction between different populations of 
immunocytes and antigen. It has been suggested by Nelson (1969), that 
the endocytosis of antigen by macrophages is an essential step in the 
induction of primary antibody formation. Macrophages may then be 
associated at all stages in the body's defence mechanism: firstly
by their ingestion of antigen and collaboration with plasma cells in 
antibody production; and, secondly by the phagocytosis and intracellular 
destruction of the original foreign (antigenic) material in response 
to stimulation by the newly produced antibody.
Polymorphonuclear leukocytes (Polymorphs)
Polymorphs are found in large numbers in the blood of all 
vertebrates. In adult man they surpass lymphocytes by a factor of 
three. They are also found in most tissues, particularly in lymphoid 
tissue and constitute about 5% of the nucleated cells of the mouse 
spleen (Moore and Metcalf, 1971). The cells are about half the 
diameter of macrophages and are easily distinguished by their 
characteristic polymorphic nuclei and the presence of granules in the 
cytoplasm. Like macrophages, the literature concerned with their 
origin and life-history is extremely confused and the subject is 
evidently far from clearly understood. It appears, however, that 
polymorphs are also ultimately derived from precursor cells that are 
formed in the bone marrow and the spleen. The complete range of 
functions of the polymorphs are not known but they are certainly 
capable of active phagocytosis. It has been suggested by Oren et al 
(1963) that polymorphs are the most immediate phagocytosing cells 
during infection. However, they are short-lived and it is the blood
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and tissue macrophages that are of major importance in the defence 
against invading organisms.
Since polymorphs and macrophages share the ability to phagocytose 
foreign material it seems reasonable to consider and compare their 
energy metabolism together. The respiratory and glycolytic activities 
of polymorphs, alveolar macrophages and peritoneal macrophages from 
different mammalian species are compared in Table 1.4.
Most metabolic studies with macrophages have been done using 
pulmonary (usually alveolar) and peritoneal macrophages, since they 
may be obtained in large numbers and are relatively uncontaminated by 
other cell types. Obviously the metabolic activities of these 
macrophages may be quite different from those of the solid tissues. 
However, virtually no information is available concerning this latter 
type because of the difficulties involved in obtaining relatively 
pure populations.
Polymorphs are obtained from both blood and peritoneal exudates and 
there are a number of methods now available for obtaining relatively 
pure populations (Hedeskov and Esmann, 1966).
The respiratory rate of alveolar macrophages is an order of 
magnitude greater than that of polymorphs (and lymphocytes) and about 
2-5 times greater than that of peritoneal macrophages and blood 
monocytes. The respiratory activity of alveolar macrophages (Qo^ =
20.4, Oren et at, 1963) is one of the highest observed in any mammalian 
tissue.
The uptake of glucose and production of lactate is very variable 
in all of these cell types. It is suggested by Oren et at, (1963) 
that the majority of the glucose utilized by the polymorphs and peritoneal
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macrophages i s  con v er ted  to  l a c t a t e ,  whereas much o f  th e  g lu co se  
u t i l i z e d  by th e  a l v e o l a r  macrophages i s  o x id i s e d  to  CO^. In su p p o r t  
o f  t h i s  th ey  found t h a t  th e  r e s p i r a t i o n  o f  polymorphs and p e r i t o n e a l  
macrophages was i n h i b i t e d  by 50% on th e  a d d i t io n  o f  g lu c o se  (C rab tre e  
e f f e c t )  w h ile  th e  r e s p i r a t o r y  a c t i v i t y  o f  a l v e o l a r  macrophages was 
s t im u la t e d  by 80%. I t  has a l s o  been observed  t h a t  where polymorphs 
and p e r i t o n e a l  macrophages d is p la y e d  a weak P a s te u r  e f f e c t  (50% 
in c r e a s e  in  l a c t a t e  p r o d u c t i o n ) , a l v e o l a r  macrophages in c r e a s e d  t h e i r  
l a c t a t e  p ro d u c t io n  4 - f o ld  under a n a e ro b ic  c o n d i t io n s .
A lv e o la r  macrophages ap p ea r  t o  depend p r im a r i ly  on cytochrome- 
l in k e d  r e s p i r a t i o n  and energy  p ro v id ed  by o x id a t iv e  p h o s p h o ry la t io n  
f o r  t h e i r  ATP p r o d u c t io n .  I t  i s  o f  some i n t e r e s t  t e l e o l o g i c a l l y  to  
n o te  t h a t  a l v e o l a r  macrophages, which presum ably  a r e  n o t  c a l l e d  upon 
to  f u n c t io n  under c o n d i t io n s  o f  low oxygen t e n s i o n ,  ap p ea r  to  be 
dependent on oxygen f o r  e f f i c i e n t  p h a g o c y to s i s .  Polymorphs and p e r i t o n e a l  
macrophages on th e  o th e r  hand a re  a b le  to  c a r r y  ou t th e  same t a s k s  j u s t  
as e f f i c i e n t l y  under a n a e ro b ic  c o n d i t io n s .  The two l a t t e r  ty p e s  o f  
c e l l  a re  o f te n  found in  re g io n s  where low oxygen t e n s io n  p r e v a i l s  
e . g .  a re a s  o f  in f lam m ation .
I t  i s  now c l e a r l y  e s t a b l i s h e d  (S b a r ra  and Kamovsky, 1959) t h a t  
g ly c o ly s is ,  r e s p i r a t i o n  and th e  d i r e c t  o x id a t io n  o f  g lu c o se  a r e  s t im u la t e d  
d u r in g  p h a g o c y to s is  in  polymorphs and p e r i t o n e a l  macrophages. However 
w ith  th e  a id  o f  g l y c o l y t i c  and r e s p i r a t o r y  i n h i b i t o r s  i t  has been 
shown th a t  g ly c o ly s i s  p ro v id e s  th e  energy  f o r  p a r t i c l e  u p ta k e .  The 
concom itan t in c r e a s e  in  r e s p i r a t o r y  a c t i v i t y  i s  n o t  cytochrome l in k e d  
and i s  though t to  be a s s o c i a t e d  w ith  in c re a s e d  p e n to se  pathway a c t i v i t y  
f o r  b a c t e r i c i d a l  p u rp o s e s .  The m e ta b o l ic  ev en ts  a s s o c i a t e d  w ith
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phagocytosis and their relevance to the metabolism of the spleen 
during a graft-versus-host reaction are taken up in more detail in 
Chapter X.
The overriding conclusion is that the resting phagocyte has a 
much higher glycolytic and respiratory rate than the unstimulated 
small lymphocyte and is therefore expected to make a significant 
contribution to the energy metabolism of lymphoid tissue.
The Aims Of This Project
In view of the current interest in the immunological functions of 
lymphocytes and lymphoid tissues, and because detailed quantitative 
information appears to be lacking on their metabolic behaviour and the 
factors that control it, this project originally had three main 
objectives:
1. to seek decisive information about the type of respiratory fuel 
utilized by secondary lymphoid tissue, using the mammalian spleen as 
a convenient example, and to enquire, in particular, whether glucose 
plays a major quantitative röle as an energy source;
2. to consider, in as much detail as the scope of the project would 
allow, the regulatory mechanisms involved in determining the choice 
of respiratory fuel by the spleen; and
3. to consider how the supply of energy and the regulation of its 
production is modified to meet the demands of an immunological response 
when the lymphoid tissue is stimulated; and to consider if the 
metabolic changes that follow can be related functionally to the 
accompanying cytological events.
The heterogeneity of the mammalian spleen, both in terms of its 
diverse functional roles (blood monitoring in addition to immunological
33
functions) and its cellular constitution, was seen as a challenging 
biochemical problem in its own right, requiring a cautious 
interpretation of whole-tissue experiments conducted in vitvo and the 
ultimate development of techniques to elucidate the contributions made 
by individual cell populations to the overall metabolic changes.
The spleen slice, which retains the integrity of the separate 
cell populations, has been chosen as the tissue preparation of 
preference in these initial studies, partly because of the ease of 
experimental procedure compared with the perfused organ and partly 
because it represents a more organized and perhaps more "physiological" 
system than homogenates.
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SECTION II
THE METABOLISM OF CARBOHYDRATE AND OTHER 
RESPIRATORY FUELS IN VITRO:
QUANTITATIVE ASPECTS
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MATERIALS AND GENERAL METHODOLOGY
MATERIALS
Chemicals
Radiochemicals
[U-14C] glucose, [1-14C] glucose, [6-14C] glucose, [U-14C]
lactate, [4-14C] ethyl acetoacetate, [U-14C] pyruvate, [U-14C] stearic
acid were obtained from the Radiochemical Centre, Amersham, Bucks.,
14U.K.. [4- C] Acetoacetate was prepared from its ethyl ester as
described by Krebs et dl (1966). [4-14C] Acetoacetate rather than
[U-14C] acetoacetate was used because of the considerable spontaneous 
decarboxylation at position .
Reagents
D-Glucose (A.R.) was obtained from B.D.H. Co. Ltd., Poole, U.K.. 
Sodium pyruvate (Type II), insulin (bovine pancreas), adenosine 
3’:5'-cyclic monophosphoric acid, adrenalin, L(+) lactic acid and 
glucagon were obtained from Sigma Chemical Co., St. Louis, Mo., U.S.A.. 
Stearic acid (A grade) was obtained from Calbiochem (Australia),
Sydney, Australia. 2-Bromostearic acid was obtained from K § K 
Laboratories, Plainview, New York, U.S.A.. NAD , NADH^ and NADP were 
obtained from Boehringer Mannheim, West Germany. Ethyl acetoacetate 
(A.R.) was obtained from Ajax Chemicals Ltd., Sydney, Australia.
All other chemicals and reagents used were of the highest purity 
available.
Enzymes
Diazyme (amyloglucosidase - Grade II) and Hexokinase (Type III) 
were obtained from Sigma, St. Louis, Mo., U.S.A..
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All other enzymes were obtained from Boehringer Mannheim, West 
Germany.
Animals
Outbred albino Wistar rats were obtained from John Curtin School 
of Medical Research, Canberra, Australia. All rats were maintained 
on a normal balanced diet ad libitum (Rural Rat and Mouse Cubes,
Wagga Rural Stockfeeds Pty. Ltd., Wagga Wagga, Australia) except where 
indicated. Rats were reared from weaning (3 weeks) until used for 
experimental work (10-11 weeks) in this department. Lighting was 
maintained on a strict 12 hour cycle and the room temperature 
thermostatically controlled at 25°.
GENERAL METHODOLOGY 
Incubation procedure
Spleen slices from male Wistar rats (200-300 g) were cut free 
hand by the method of Deutsch (1935) and washed for 10 min. at 35° in 
phosphate buffered saline prepared according to Krebs and de Gasquet 
(1964), but modified to contain low calcium and magnesium concentrations 
116 ml of 0.154M NaCl, 4 ml of 0.154M KC1, 3 ml of 0.055M CaCl2, 1 ml 
of 0.011M MgS04, 1 ml of 0.154M K2HPC>4 and 6.5 ml of 0.1M sodium 
phosphate buffer, pH 7.4. Slices (200-230 mg/flask), taken from a 
randomised pool cut from at least six spleens, were incubated in either 
Warburg or Erlenmeyer flasks at 38° in 2.0 ml of the same saline with 
100% oxygen as the gas phase. Incubations were terminated by the 
addition of HC1 (0.25 ml of 0.5M) from the side arms to liberate C02 
formed during the experiment and the flasks were shaken for a further 
15 min. (or until cessation of pressure changes). Perchloric acid 
(0.25 ml of 20%) was then added to the flasks, which were allowed to
PLATE II.1 Spleen slices
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extract on ice for a further 30 min. The medium was prepared for 
analysis as described by Gevers and Krebs (1966). The respiratory CO? 
was collected and estimated manometrically as described by Krebs et al 
(1966). The initial dry weights of the slices were obtained by dividing 
the individual wet weights, determined prior to the incubation, by the 
wet weight/dry weight ratio obtained with identical unincubated slices 
that were subsequently dried for 16 hours at 125°.
Preparation of 2-Bromostearate-Bovine serum albumin complex
Bovine serum albumin (Fraction V. Sigma Chemical Co., St. Louis, 
U.S.A.) was freed of contaminating long chain fatty acids by the method 
described by Chen (1967). A weighed quantity of potassium 
2-bromostearate (43.6 mg) was suspended in approximately 0.25 ml of 
hot distilled water and the required volume (15 ml) of double-strength 
phosphate buffered saline (without added CaCl^) containing 8% defatted 
bovine serum albumin was added, with constant stirring, to give a 
bromostearate concentration of 8.0 mM. The mixture was sonicated until 
only a fine suspension of 2-bromostearate remained and was then 
incubated at 37° for 1 hour, with constant agitation, until the 
suspension cleared. CaCl^ was added shortly before the subsequent 
experimental incubation period started and the solution was diluted 
two-fold to give a final 2-bromostearate concentration of 4.0 mM. In 
experiments where this complex was used to inhibit respiration, control 
incubations containing no bromostearate were carried out in the presence 
of 4% defatted bovine serum albumin alone.
Incubation with 2-bromostearic acid
All flasks were pre-incubated for 40 min. without substrate 
(glucose or pyruvate) and, after addition of substrate to the relevant
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flasks, gas exchange was monitored over a further 60 min. of 
incubation. In order to calculate ammonia production during the final 
60 min. of incubation, control incubations, with and without 
2-bromostearate were terminated after the pre-incubation period.
Ammonia was assayed and the production during the final 60 min. 
estimated by difference.
14Preparation of unlabelled and radioactively labelled [U- C] 
stearic acid-bovine serum albumin complex
The method used was identical to that used for the 2-bromostearate- 
complex except that the final concentration of stearic acid was 2 mM.
The radioactive [U-^C] stearic acid, in benzene solution, was added 
to the weighed portion of unlabelled stearic acid and the benzene 
evaporated before the fatty acid was dissolved in hot water. All 
control incubations, where the fatty acid complex was not used, also 
contained 4% defatted bovine serum albumin.
Freeze-clamping
In order to measure the levels of glucose, lactate, pyruvate, 
adenine nucleotides and other intermediates in freeze-clamped whole 
rat spleens in vivo, the following procedure was followed. Animals 
were stunned with a light blow on the head and killed by cervical 
dislocation. The spleens were removed rapidly after snipping the 
blood supply and were immediately crushed between two aluminium plates 
precooled to -180° in liquid nitrogen (Wollenberger, Ristau and Schoffa, 
1960). The frozen tissue was quickly weighed and immediately 
transferred to a porcelain mortar containing liquid nitrogen.
Perchloric acid (3 ml of 12%) was then added, dropwise, to the mortar 
and the frozen material ground to a powder and transferred
PLATE II.3 Spleen, immediately after freeze-clamping.
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quantitatively into an ice-cooled Teflon glass tissue homogenizer 
(A.H . Thomas, Philadelphia, U.S.A.). The tissue was homogenized (ten 
up-and-down strokes) when the material began to thaw. The homogenate 
was transferred quantitatively into Corex centrifuge tubes (15 ml) and 
centrifuged at 48,000 x g for 15 min. to remove the protein pellet.
The pellets were dried for 16 hours at 125° and weighed to determine 
the dry weight of perchloric acid treated starting tissue.
The supernatants were decanted into graduated 10 ml stoppered 
tubes and adjusted to approximately pH 5.5 with (5M), using one
drop of "Universal" indicator. The tubes were centrifuged at 27,000 
x g for 10 min. to remove the precipitated KCIO^. The supernatants
were decanted and used immediately for assays of the unstable
- 196°
intermediates, or were stored at . The results are expressed
on a fresh weight basis, using the dry weights of the individual 
samples and a conversion factor determined by subjecting control 
spleens to an identical perchloric acid extraction step prior to drying. 
Analytical methods
The metabolites were determined spectrophotometrically by 
enzymatic methods: L-alanine by the method of Williamson, Lopes-Vieira 
and Walker, 1967; ammonia by the method of Kirsten, Gerez and Kirsten 
(1963); aspartate by the method of Pfleiderer (1965); glutamate by 
the method of Bergmeyer and Bemt (1965a); glucose by the hexokinase 
method (Slein, 1965); glycogen by the method of Bartley and Dean 
(1968); L-lactate by the method of Hohorst (1965c); ATP by the method 
of Lamprecht and Trautschold (1965) and ADP and AMP by the method of 
Adam (1965). Pyruvate was estimated using a fluorometric adaption of 
the method of BUcher, Czok, Lamprecht and Latzko (1965); a-oxoglutarate
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by a fluorometric adaption of the method of Bergmeyer and Bernt 
(1965b); and acetoacetate and ß-hydroxybutyrate by a fluorometric 
adaption of the methods of Williamson, Mellanby and Krebs (1962). It 
was found, after exhaustive testing, that the glucose oxidase method 
(Krebs et al, 1963) could not be used for glucose determination in 
spleen tissue extracts, probably due to the interaction of an unknown 
substance produced by the tissue with the dye, orthodianisidine. 
Protein estimation
The protein content of the intact spleen and spleen slices was 
estimated on homogenates of the tissue by the Biuret method, as 
described by Layne (1957).
Triglyceride determination
The triglyceride content of the freeze-clamped whole spleen and 
slice was determined as glyceride glycerol following the alkaline 
hydrolysis of a Folch extract (Folch, Lees and Sloane-Stanley, 1957) 
using a Biochemica Test Combination Kit, supplied by Boehringer 
Mannheim, West Germany. Catalogue reference 15989 TNAA (UV-test 
using NADH).
Amino Acid Analysis 
Preparation of tissue extract
The tissue (freeze-clamped whole spleen or slices) was extracted 
with perchloric acid on ice for 30 min. as described previously. The 
perchloric acid extract was separated from the protein pellet after 
centrifugation at 48,000 x g for 15 min.. The extract was then 
neutralized to pH 4-5 with 5M ^CO^ and made up to 10 ml with water. 
Precipitated KCIO^ was subsequently removed by centrifugation at 
20,000 x g for 10 min. The amino acids in the extract were
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separated from glycolytic and Kreb's cycle carboxylic acids by passing an 
aliquot of the extract (4 ml) through a Dowex-50 W ion-exchange column 
(20 x 1.5 cm) in the H+ form (Sigma Chemical Co., St. Louis, Mo.,
U.S.A.). The contaminating carboxylic acids were eluted with 
distilled water until the pH of the eluent was neutral. The adhering 
amino acids were subsequently eluted with 2.5N NH^OH and the eluent 
was collected (20-30 ml) as the solvent front (indicated by heat or 
a brown ring) neared the end of the column. Using a Buchi rotary 
evaporator this eluate was evaporated and redissolved in water a 
number of times, until the pH of the distillate indicated no further 
release of ammonia.
Automatic amino acid analysis
The dried sample was dissolved in 1 ml of Technicon analyser 
starting buffer (see references) containing 12% sucrose. Samples 
(0.2 ml) were injected onto the column of a Technicon auto analyser 
packed with chromobeads C(2) resin and eluted by a citrate gradient 
according to the Technicon procedure (see Technicon manual reference). 
The amino acids in the eluant were detected by scanning at 570 nm and 
440 nm and the peaks obtained were integrated on a Technicon integrater. 
Radiochemical Methods 
Separation of radioactive metabolites
[U-14C] glucose, [14C] lactate, [14C] glutamate and [14C] 
aspartate present in the perchloric acid extract at the end of the 
experiment were separated on a Dowex-1 column (acetate form) as 
described by Busch (1953) and counted. Nucleic acids and protein 
were extracted from the washed homogenized slices and separated as 
described by Munro, Jackson and Korner (1964); and the lipids were
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isolated as described by Folch, Lees and Sloane-Stanley (1957). The 
radioactivity in the respiratory CO^ was determined as given in 
Weidemann and Krebs (1969).
Determination of radioactivity in tissue glycogen
The radioactivity present in glycogen and glucose oligosaccharides
was determined by a modification of the enzymatic procedure described
by Bartley and Dean (1968). After termination of slice incubations
by addition of HC1 (0.25 ml of 0.5M), as described above, slices
and medium were transferred quantitatively into an ice-cold glass-
glass tissue-grinder (Pyrex-Corning, New York, U.S.A.). A smooth
homogenate was prepared (10 up-and-down strokes) and quantitatively
transferred into a cooled 5 ml stoppered, graduated tube and made up
to 4.5 ml with aqueous washings from the tissue-grinder.
The total radioactivity (in glucose, oligosaccharides and
14glycogen) was determined as [U- C] glucose present in a measured
portion of the homogenate. This was accomplished by addition of
sodium acetate buffer (1.0 ml of 3M, pH 4.4) and Diazyme (0.15 ml of
10 mg/ml) to 2.0 ml of the homogenate followed by incubation at 50°
for 30 min. (Bartley and Dean, 1968). The incubation was terminated
by addition of perchloric acid (0.5 ml of 20%) and, after 30 min.
extraction on ice, prepared for analysis as described above. Total 
14[U- C] glucose was separated from other perchlorate-soluble 
compounds on a Dowex-1 column (acetate form, Busch, 1953) and counted 
as described below.
The net radioactivity present in glycogen plus oligosaccharides
was then determined by subtracting from this total the radioactivity
14present in the free, unmetabolized [U- C] glucose (contaminated with
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some extracted glycogen and oligosaccharides) remaining in the slice
14and medium. The unmetabolized [U- C] glucose radioactivity was
recovered from a portion of the homogenate (2.0 ml) treated as above
but omitting the diazyme hydrolysis. A significant amount of glycogen
and oligosaccharide was also extracted from the tissue during this
14process. Since these compounds eluted simultaneously with [U- C] 
glucose from the Dowex-1 column, the contaminating glycogen and 
oligosaccharide radioactivity was removed by subsequent separation 
of glucose, glycogen and oligosaccharides on precoated silicic acid, 
thin layer chromatography plates (ITLC-SA, Gelman, California, U.S.A.) 
eluted with CHCl^iCH^COOHiH^O (30:35:5v/v). It should be noted that 
this is probably the only method of glycogen estimation currently in 
use that gives a completely quantitative recovery of tissue glycogen 
plus glucose oligosaccharides (Bartley and Dean, 1968) .
Counting procedure
Radioactivity in the separated products was determined by liquid 
scintillation counting in a Packard Tri-Carb scintillation 
spectrometer. Methoxy-ethanol-toluene (400 ml:600 ml v/v) containing 
6 g of butyl PBD (Packard, Illinois, U.S.A.) was used as the 
scintillation medium.
Red and "White cell" counting procedures
Cell suspensions from both washed and unwashed spleen slices, 
of known wet weight, were obtained by rubbing the tissue with forceps 
against a nylon mesh (500y) partially immersed in saline (10 ml of 
0.9% w/v) until the residual tissue was white in colour.
Total viable cells (red plus "white") as determined by the 
trypan blue exclusion test (Black and Berenbaum, 1964) were counted
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in a haemocytometer and the proportion of red and white cells were 
estimated by two independent methods.
(i) Slides were prepared of cell suspension stained with Wright's 
stain (Gurr, 1962) and the proportion of red cells (brick-red, no 
nucleus) and "white cells" (nuclei stained blue) were counted in a 
population of at least 50 cells.
(ii) Cell suspensions were treated with white-cell counting fluid 
(aqueous solution of 0.1% acetic acid and 0.01% methyl violet w/v) 
which, after five minutes, lyses all red cells leaving the "white 
cells" intact. The "white cells" were counted subsequently in a 
haemocytometer. The red cells were determined by subtracting the 
number of white cells present from the total number of cells extracted 
from the spleen slice. All results are expressed as no. of cells/g 
dry weight of tissue.
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CHAPTER II
OPTIMISATION OF INCUBATION CONDITIONS AND SOME 
CHARACTERISTICS OF THE SPLEEN SLICE
OPTIMISATION OF INCUBATION CONDITIONS 
(i) Modification of Incubation Buffer
Preliminary incubations were carried out using the phosphate- 
buffered saline medium described by Krebs and de Gasquet (1964), 
containing the following salts (final concentration): NaCl (136 mM),
KC1 (4.69 mM) , CaCl2 (2.5 mM), MgSO^ (0.76 mM), sodium phosphate 
buffer (4.95 mM), K2HP04 (1.17 mM), at pH 7.4.
Effect of divalent metal ion concentration
Considerable problems were encountered with precipitation of 
calcium phosphate before and during incubations. Reduction of the 
Ca++ concentration by 50% was found to eliminate the precipitation 
of calcium phosphate. The results shown in Table II.1 indicate that, 
although the oxygen uptake and glucose utilization were significantly 
reduced in the absence of added CaCl^, there was no change in either 
of these parameters when the CaCl2 concentration was reduced from 
2.5 mM to 1.25 mM. All subsequent incubations have been carried out
2’at 1.25 mM CaCl
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Table II.l Effect of Ca++ concentration on the respiratory 
and glycolytic activity of the rat spleen slice 
Incubations were carried out as described in the text. All 
incubations contained 3 mM glucose. Results of incubations without 
Ca++ are the means of duplicate incubations, whereas incubations 
with Ca++ are the means + S.E.M. of at least four experiments.
Metabolic changes (y moles/hr/g.d.wt.)
CaCl^ added... None 1.25 mM 2.5 mM
°2 -205 (205, 205) -342 +31 -342+14
C02 + 192 (178, 207) +328 +41 +320 +11
R.Q. 0.94 (0.87, 1.01) 0.96+0.05 0.94+0.02
Glucose -34.8 (32.8, 36.7) -46.2+2.7 -46.7+1.3
Lactate + 57.0 (53.5, 60.5) +75.9+13.8 +61.0+10
It was also found that addition of Mg++ (0.084 mM) to the 
incubation medium containing all the other ingredients increased 
the uptake of glucose by 29% and slightly increased the contribution 
of glucose to the respiratory fuel (Table II.2). Further increases 
in the concentration of Mg++ added had no significant effects apart 
from a small suppression of the oxygen uptake (7%) at 1.5 mM. All 
subsequent incubations were carried out using 0.084 mM MgSO^ in the
incubation medium.
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Table II.2 Effect of Mg+ + concentration on the respiratory
and glycolytic activity of the rat spleen slice
Incubations were performed as described in the text. All
14incubations contained [U- C] glucose (3 mM). Results are the means 
of duplicate incubations.
Metabolic changes (y moles/hr/g.d.wt.)
MgSO^ added... None 0.084 mM 0.76 mM 1.52 mM
°2 -336 -346 -327 -311
co2 +333 +333 + 300 +300
R.Q. 0.99 0.96 0.92 0.96
Glucose -37.1 -52.3 -50.6 -53.7
Lactate +60.5 +57.8 +62.0 +61.6
Sp. radioactivity ^ C 0 2 x 100 16.5 18.0 19.5 18.9
14Sp. radioactivity [U- C] glucose
The modified Krebs and de Gasquet buffered-saline used in all 
further incubations therefore had the following composition: NaCl
(136 mM), KC1 (4.69 mM), CaCl2 (1.25 mM), MgS04 (0.084 mM), sodium 
phosphate buffer (4.95 mM), ^HPO^ (1.17 mM), at pH 7.4.
(ii) Absorption of CO^ by KOH
For ease and accuracy, KOH was contained in a small glass cup 
that exactly fitted into the inner well of the Warburg flask. At the 
end of an incubation the glass cup plus KOH was transferred with the 
aid of forceps, directly into a tube containing a known volume of CC>2 
free water, sealed and stored until required for CO^ determination.
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The method ensured quantitative transfer of KOH and eliminated the 
risk of contamination between experiments by minimizing the absorption 
of atmospheric CO^ and CO^ respired by the worker during transfer. 
Optimum KOH volume for CO^ absorption
Table II.3 shows the results of an experiment designed to find 
the most suitable volume of KOH (2N) required and the effect of a 
filter paper wick on the absorption of respired CO^ during incubation.
Table II.3 Effect of KOH volume on CO^ absorption
Slices (- 100 mg) were incubated in Warburg flasks for 60 min. 
as described in the methods section. Results are the means of 
duplicate incubations and are expressed as y moles/hr/g.d.wt.
Vol. of KOH (2N) in ml... 0.05 0.1 0.15 0.2
C02 produced 137 306 270 292
0.15 plus filter 
paper wick
274
Clearly the absorption of C02 was not increased when the volume 
of KOH was 0.1 ml or greater, nor did the use of a filter paper wick 
increase the absorption of C02. From a practical view-point use of 
the filter paper wick merely complicated the procedure so that all 
subsequent experiments used 0.2 ml KOH (2N).
CHARACTERISTICS OF THE SPLEEN SLICE 
(i) Oxygen Uptake
The respiratory rate of incubated sliced tissue depends on the 
availability of 0 .^ The availability of 0^ is dependent on the rate 
of diffusion of 0  ^ from the gas phase into the fluid phase and the 
rate of its subsequent diffusion into the tissue. The absorption of
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oxygen (from solution) into the tissue is partly dependent on the 
rate of diffusion into the tissue. This is known to be a function 
of the thickness of the slices and the availability of soluble 0^ in 
the surrounding fluid.
Effect of slice thickness
The rate of diffusion of gases and metabolites is determined in 
part by the thickness of the tissue slice. It is essential therefore 
that within certain limits the slices be of uniform thickness. These 
limits are determined by the diffusion constants of the reacting 
substances and the rate of metabolism of the tissue. Warburg (1930) 
derived an equation for calculating the limiting thickness in cm
t
(d ) for efficient 0^ consumption, where:
In this equation: D = the diffusion constant for 0^ in ml (N.T.P.).
ml 0^ uptake
A = rate of respiration in ---------------
ml tissue x min.
C = the CL concentration outside the slice (in o 2 v
atmospheres).
Krogh (see Umbreit et dl» 1964) has estimated a value for D by
calculating the rate of diffusion of 0^ at 38° through a tissue of
2 -5 -2 1 cm cross-section to be 1.4 x 10 ml/min. Taking 2.7 x 10 as
the value of A for spleen slices and 1.0 as the value of Cq for pure
» -2 0?, d is calculated to be 6.4 x 10 cm.
Determination of slice thickness — ■ ■ - —■—   ——----- - ■
The thickness of slices, cut by the method of Deutsch (1935), 
was determined, as described by Warburg (1930), to compare with the
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limiting thickness value calculated above. Slices were prepared and 
washed in the normal manner (as described in the methods section). 
They were then trimmed with fine scissors to a rectangular shape 
in a petri dish containing phosphate-buffered saline. By placing 
the glass petri dish on squared millimeter graph paper, the surface 
area of the slices was determined by counting the number of squares 
covered. The volumes of the individual slices were then calculated
f
from their wet weight. The thickness (d ) of a given slice was 
obtained by dividing the volume by the surface area.
Table II.4 Determination of slice thickness
Slice no. Area (sq. cm) Wet weight (g) Thickness (cm)
1 0.75 0.034 0.045
2 0.81 0.036 0.044
3 0.50 0.021 0.042
4 0.625 0.029 0.046
5 0.94 0.046
t
0.049
mean thickness (d ) = 0.045 + 0.002 cm
The results given in Table II.4 show that the thickness of slices as 
a typical example of tissue prepared for incubation studies (0.045 + 
0.002 cm) were well below the limiting thickness (0.064 cm) as 
calculated according to Warburg (1930).
Influence of shaking rate on the oxygen uptake of the slice
If the rate of 0^ uptake by the tissue is greater than the 
diffusion of 0^ into the incubation medium, then the rate of
51
r e s p i r a t i o n  observed  i s  dependant on th e  r a t e  a t  which 0 ? d i f f u s e s  
in t o  th e  medium and has l i t t l e  connec tion  w ith  th e  p o t e n t i a l  
r e s p i r a t o r y  r a t e  o f  the  t i s s u e  i t s e l f .  The r a t e  a t  which gas 
d i f f u s e s  in to  a l i q u i d  i s  dependent on the  s u r fa c e  la y e r  o f  th e  
l i q u i d .  The s u r f a c e  l a y e r  may be c o n t in u a l ly  renewed by shak ing  
th e  f l a s k  c o n ta in in g  th e  l i q u i d .  Hence, th e  g r e a t e r  th e  r a t e  o f  
s h ak in g ,  th e  g r e a t e r  th e  r a t e  o f  d i f f u s i o n  o f  the  gas in t o  th e  l i q u id  
and th e  g r e a t e r  th e  r a t e  o f  r e s p i r a t i o n  th a t  may be measured w ith o u t  
d i f f u s i o n  l i m i t a t i o n .
The 0^ uptake o f  s l i c e s  ( -  200 mg wet wt. o f  t i s s u e )  was 
measured a t  101 o s c i l l a t i o n s / m i n .  and a s t r o k e  o f  1 3/ 4 M and then  a t  
146 o s c i l l a t i o n s / m i n .  w ith  th e  same s t r o k e .  The up take  o f  0^
(200-300 y l O ^/hr) was found to  be unchanged when the  shak ing  r a t e  
was in c re a s e d .  Umbreit (1964), d e s c r ib e d  an experim ent m easuring  the  
e f f e c t  o f  shak ing  r a t e  on th e  up take o f  0^ by y e a s t  in  Warburg f l a s k s  
s i m i l a r  in  d im ensions to  th o s e  used  h e r e .  In t h i s  experim ent a shak ing  
r a t e  o f  101 o s c i l l a t i o n s / m i n .  was c l e a r l y  n e a r  th e  minimum shak ing  
r a t e  r e q u i r e d  f o r  0^ d i f f u s i o n  in t o  th e  medium when 0^ was consumed 
by th e  t i s s u e  a t  th e  r a t e  o f  200-300 y l / h r .  However, a shak ing  r a t e  
o f  146 o s c i l l a t i o n s / m i n .  was f a r  from l i m i t in g  and a l l  subsequen t 
in c u b a t io n s  were perform ed a t  t h i s  r a t e  o f  shak ing .
E f f e c t  o f  s l i c e  age on r e s p i r a t o r y  r a t e
P re p a ra t io n  o f  t i s s u e  f o r  in c u b a t io n  in c lu d e s  s l i c i n g  o f  s p le e n s  
(6 -1 0 ) ,  ran d o m isa t io n  o f  th e  pool o f  s l i c e s  c o l l e c t e d ,  w ashing, and 
w eigh ing , a l l  o f  which ta k e s  a c o n s id e ra b le  time (45-75 m in .) ,  and 
i s  dependent on th e  number o f  workers a v a i l a b l e .  The e f f e c t  o f  s l i c e  
age on th e  r e s p i r a t o r y  r a t e  o f  th e  t i s s u e  i s  shown in  Table I I . 5.
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Table II.5 The effect of slice age on respiratory rate
Slices were prepared and washed as previously described.
Slices were then incubated with 3 mM glucose for 60 min. The times 
are from the moment the animal was killed to the start of the 
incubation. Results are the means of duplicate incubations, except 
for the 15 min. value, which is the mean of a triplicate incubation
Time (min.) 0^ uptake (y moles
15 335 + 11
28 298
65 319
92 352
134 347
170 347
There was no significant change in respiratory rate of the slices 
for up to 170 min. after the animals were killed. Depending on the 
size of the experiment and the number of workers available (usually 
two), incubations were usually started about 60 min. after the animals 
were killed.
(ii) Washing of Slices
The spleen contains large amounts of blood which in turn 
contains significant quantities of both glucose and lactate. The 
glucose and lactate levels of the spleen in vivo are 2.11 mM and 0.85 
mM respectively. Most of our studies are concerned with the uptake 
of added glucose and its subsequent conversion to lactate, CO^ and 
water. It is therefore essential that tissue glucose and lactate 
should be removed prior to the addition of known amounts of glucose,
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so that meaningful glucose disappearances and lactate productions 
may be followed.
The respiratory and glycolytic rate of washed slices
Both lactate, glucose and some of the excess blood may be easily 
washed out of the tissue by shaking in clean buffer. Table II.6 
shows the results of an experiment in which the glycolytic and 
respiratory rates of unwashed and washed slices are compared.
Table II.6 Effect of washing on the respiratory and glycolytic
rates of spleen slices
Slices were prepared as described in the text. Control, 
'unwashed', slices were incubated without further treatment, while 
'washed' slices (15-20) were shaken in phosphate-buffered saline 
(20 ml) at 35° for 10 min. before incubation.
Metabolic changes (y moles/hr/g.d.wt.)
Unwashed Washed
Substrate added... None Glucose (3 mM) None Glucose (3 mM)
°2 -299 -293 -331 -330
co2 + 263 +274 + 317 + 295
Glucose -32.7 -45.5
Lactate + 14.6 +60.5 + 8.8 + 67.8
The respiratory rate of the unwashed slices in the presence and 
absence of glucose was about 10% lower than that observed when the 
slices were washed. The uptake of glucose by the unwashed slices 
was substantially lower than in the washed slices (28%) while the
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production of lactate from added glucose was only slightly less.
In the absence of glucose, lactate production from the unwashed 
slices was nearly twice that of the washed slices incubated without 
glucose. The higher amounts of lactate found in the unwashed slices 
after incubation and the lower uptake of glucose suggests the presence 
of significant quantities of endogenous sources of lactate that are 
also able to suppress the uptake of glucose. When the slices were 
washed it appears that these tissue fuels were removed.
The effect of washing on the cellular composition of spleen slices
Table II.7 shows the results of an experiment designed to estimate 
the relative proportions of erythrocytes and "white cells" (all other 
nucleated cells) in the spleen slice before and after washing in a 
phosphate-buffered saline as described in the methods section.
Table II.7 Cellular composition of spleen slices before and 
after washing
Slices were washed in phosphate-buffered saline as described in 
the text. Cell suspensions from spleen slices were prepared and 
counted as described in the methods section. Unwashed slices were 
"teased" immediately after slicing. Results are expressed as number 
of cells/g dry weight of sliced tissue.
"White Cells" Erythrocytes Total Cells
Unwashed slices 4.73+1.76xl09 7.9+1.96xl09 1.26+0.08xl010
Washed slices 5.6 +1.3xl09 5.6+1.15xl09 1.14+0.17xl010
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Before washing there were nearly twice as many erythrocytes as 
"white cells" in the tissue. During the 10 min. washing period 
about 10% of the total cell population was lost, the majority of 
which were erythrocytes. The slices used for incubation studies 
then, contained approximately equal numbers of erythrocytes and 
white cells.
Composition of white cells
No information is available describing the detailed composition 
of the nucleated cells found in the rat spleen. However, this 
information is available for the mouse spleen (Moore and Metcalf, 
1971) and it has been suggested (J.L. Gowans, personal communication) 
that essentially the same composition might be expected in the rat 
spleen. The analysis quoted by Moore and Metcalf is qualified with 
the caution that differential counts on cells teased out of the 
spleen may not be truly representative, since cells more adherent to 
the structural framework of the spleen may not be readily released. 
With this qualification, typical data from an analysis of the cells 
present in an adult mouse spleen cell suspension are: lymphocytes
90.4%, nucleated erythroid cells 2.2%, polymorphonuclear leukocytes 
5.2%, reticulum cells and macrophages 1.5% and plasma cells 0.7%.
It follows that lymphocytes and erythrocytes are nearly equal 
in number and represent by far the greatest proportion of the spleen 
cell population.
It may be concluded that washing the slices prior to incubation 
allows a more realistic determination of the fate of added glucose 
in the slice. The washing also removes a substantial number of 
erythrocytes, that are probably derived from the circulation,
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rather than sequestered erythrocytes that might be considered part 
of the tissue. All further incubations have therefore been carried 
out on washed slices.
Expression of metabolic quotients
To enable direct comparison with other metabolic studies in the 
literature, rates of production and utilization of metabolites were 
expressed as y moles/hour/dry weight of tissue (y moles/hr/g.d.wt.)
Preliminary studies showed that there was considerable 
disintegration of the spleen slice during 60 min. of incubation.
Table II.8 Decrease in dry weight of spleen slices after 
60 min, incubation
Slices were prepared and washed as described in the text.
Slices were gently blotted on acid hardened filter paper, weighed 
quickly and kept on an ice-cooled inverted petri dish until required 
for incubation. Unincubated slices were immediately transferred to 
tared glass vials and dried for 16 hours at 120°, cooled and weighed. 
Incubations were terminated as described in the text. Slices were 
then removed from flasks, adherent medium removed by gentle blotting 
on filter paper and dried in tared vials for 16 hours at 120°, cooled 
and weighed. Results are means + S.E.M. of eight determinations.
wet wt./dry wt., wet wt./dry wt., % loss in
Unincubated Incubated dry weight
during incubation
4.74 + 0.4 3.4 + 0.33 28.2
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Because of the substantial loss of material from the slice during 
incubation (28.2%) all subsequent experiments were based on dry 
weights of slices before incubation. These were calculated by 
dividing the wet weight of slices, before incubation, by the 
wet weight/dry weight ratio obtained from identical unincubated 
slices dried to constant weight at 120° (16 hours).
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CHAPTER III
THE SUITABILITY OF SPLEEN SLICES FOR METABOLIC EXPERIMENTS
Introduction
Warburg was the first worker to use sliced tissue for metabolic
experiments. In 1926 Warburg and his coworkers in "Uber den
Stoffwechsel der Tumoren"(see English translation by F. Dickens,
Warburg 1930) reported the respiratory rates and aerobic and
anaerobic fates of glucose in slices from many mammalian tissues.
Umbreit (1964) in attributing the development of the slice
technique to Warburg describes the merits of the technique
"...By the use of tissue slices, the more complicated 
and uncontrollable aspects of whole organ or organism 
metabolism are minimized on the one hand, and the less 
certain effects of mincing, homogenizing or extracting 
are excluded on the other hand. In a word, the tissue 
slice is thought to represent organised surviving 
tissue, the metabolism of which qualitatively, if not 
quantitatively, reflects that of the original tissue.
Further, the tissue slice technique allows for controlled 
variations in the suspending medium in addition to 
chemical analysis of the latter for changes in 
metabolic content___"
In an attempt to test the validity of some of the assumptions 
made in the description quoted above, comparisons have been made of 
adenine nucleotide levels, the "energy charge" of the tissue and the 
pyridine nucleotide ratios with in vivo values and values reported 
in other well characterized sliced tissues.
Adenine nucleotide ratios
Figure III.1 compares the change in total adenine nucleotide 
level that occurs in slices of different rat and guinea pig tissues
Fig. III.l Time course of total adenine nucleotide changes 
during incubation of sliced tissues. Spleen slices were incubated 
as described in the text. The adenine nucleotide levels were 
determined in the slices, which were removed from the incubation 
medium, blotted to remove adherent medium and homogenised in cold 
perchloric acid (2% w/v) . For comparison, values from rat liver 
slices were calculated from experimental data quoted by Krebs
(1969); those from guinea pig cerebral cortex slices were taken
bfrom Rolleston and Newsholme (1967). In each case, includingA
spleen values, they are expressed as a percentage of total 
adenine nucleotide levels found in unincubated slices. Values for 
rat kidney (Underwood and Newsholme, 1967) are expressed as a 
percentage of the in vivo freeze-clamped levels (Hems and Brosnan, 
1970). 0, Spleen slices, no added substrate; A, liver slices, no
added substrate; □, guinea pig cerebral cortex slices plus glucose 
(5 mM); •, kidney slices plus glucose (2 mM).
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during incubation at 38°. In guinea pig cerebral cortex slices and 
rat liver slices, an extensive initial fall in adenine nucleotide 
content occurs during the first five minutes of incubation, but the 
low levels attained (57% and 25% respectively, of the initial levels) 
are maintained for up to 60 min. further incubation (Krebs, 1969a; 
Rolleston and Newsholme, 1967a). In liver slices, only the nucleotides 
retained in the mitochondrial matrix space appear to be resistant 
to removal by washing with physiological saline (Krebs, 1969) . With 
kidney-cortex slices the fall in total nucleotide level is less 
extensive, being only 30% between 10 and 35 min. of incubation in the 
presence of 2 mM glucose (Krebs, 1969; Underwood and Newsholme, 1967). 
Spleen slices, in contrast, show a much slower and smaller fall in 
total adenine nucleotide levels, the fall being very similar in the 
presence and absence of 3 mM glucose. Washed spleen slices appear 
to maintain approximately 65% of their initial, pre-incubation 
adenine nucleotide level even after 60 min. of incubation.
Additional relevant information may be derived from measurements 
of the relative levels of the individual nucleotides in the slice 
during the time course of an incubation (Table III.l), allowing 
values of the energy charge (Atkinson, 1968) to be calculated at 
different time intervals (Fig. III.2). In spleen slices, although 
the ATP and ADP levels reached 54% and 66% respectively of the in vivo 
freeze-clamped value after 60 min. of incubation, the AMP levels did 
not deviate from their original value in situ (100 yM). Consistent 
with this finding, the linearity of the oxygen consumption, glucose 
utilization and lactate production of spleen slices during 90 min. of 
incubation (Fig. III.3) suggests that there are no major quantitative
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Table III.l Variation of individual adenine nucleotide levels 
during incubation of rat spleen
Spleen slices were incubated and adenine nucleotides extracted 
for assay as given in Fig.III.l. For other experimental details 
see the text.
Experimental Substrate Nucleotide levels
procedure added (y moles/g fresh wt. of tissue)
ATP ADP AMP
Freeze-clamped
in vivo None 2.62 0.71 0.09
Washed slices
unincubated None 2.39 0.65 0.10
None 1.66 0.55 0.09
Incubated 20 min.
Glucose (3 mM) 1.73 0.56 0.09
None 1.64 0.55 0.10
Incubated 40 min.
Glucose (3 mM) 1.47 0.49 0.09
None 1.40 0.49 0.09
Incubated 60 min.
Glucose (3 mM) 1.42 0.47 0.09
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Fig. III.2 Variation of energy charge during incubation of 
washed tissue slices. Energy charge was calculated according to 
Atkinson (1968) from the experimental data used in Fig. 111.1.
0, spleen slices; A, liver slices; □, guinea pig cerebral cortex 
slices; •, kidney slices.
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or kinetic alterations in net carbohydrate metabolism that may be 
attributable to adenine nucleotide fluctuations.
On initiation of incubation, the energy charge (Fig. III.2) in 
liver, kidney and cerebral cortex slices rises very rapidly from 
pre-incubation values as low as 0.4, which Ridge (1972) considers 
to be lethal to the tissue, to values that compare with the situation 
in vivo. In spite of the diminished adenine nucleotide pool size, 
cerebral cortex and liver slices are able to maintain their high 
energy charge for up to 60 min. of incubation. In the spleen slice, 
in contrast, the value found at the start of incubation was identical 
to that found in the freeze-clamped organ (0.87 + 0.003) and was 
maintained very close to this value for 60 min. further incubation. 
Pyridine nucleotide ratios
The high activity of lactate dehydrogenase in the 50,000 x g 
supernatant prepared from rat spleen homogenates (89.5 + 2.7 y moles/ 
min/g fresh weight: P.E. Hickman, personal communication) allows
determination of the cytoplasmic free [NAD+]/ [NADH] ratio from the 
lactate and pyruvate levels measured in the tissue (Table III.2).
The value in incubated slices (Table III.3) was essentially similar 
to the freeze-clamped value determined in the well-fed rat spleen, 
but tended to be slightly more reduced when the slices were incubated 
with 3 mM glucose. No significant differences were found in slices 
from starved spleens, in contrast to rat liver (Williamson, Lund and 
Krebs, 1967), although the reduction of the cytoplasmic couple by 
glucose was even more pronounced in this case.
Fig. III.3 Time course of oxygen consumption, glucose utilization 
and net lactate production by washed rat spleen slices. Slices 
were incubated with glucose (3.0 mM) as described in the text.
Each point is the average of duplicate incubations. To determine 
net lactate production, the lactate present in the slice before 
incubation (8.8 y moles/g dry weight of tissue) was subtracted 
from the total lactate found at each time interval. 0, oxygen 
consumption; A, glucose utilization; •, net lactate production.
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The free pyridine nucleotide ratios in cytoplasm, mitochondrial matrix and mitochondrial cristae space
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The activities of the ß-hydroxybutyrate-dehydrogenase and 
glutamate-dehydrogenase systems in rat spleen are 28 and 281 + 43 
y moles NADH formed/hr/g fresh weight of tissue respectively 
(Williamson, Lund and Krebs, 1967). Both of these activities are low 
compared with rat liver and, since no specific statement can be made 
about the activities required to maintain equilibrium, we have 
compared both systems. Comparison of the results with those quoted 
for rat liver (Williamson, Lund and Krebs, 1967) show that the values 
obtained from the glutamate-dehydrogenase system (3.3 + 0.07) are 
similar to liver, while those from the ß-hydroxybutyrate system 
(60.9 + 32.4) are higher by an order of magnitude. This difference 
and the extremely large variation in [NAD+]/[NADH] ratios calculated 
from the ß-hydroxybutyrate-dehydrogenase system suggests that the 
activity of ß-hydroxybutyrate-dehydrogenase is too low to maintain 
equilibrium in this tissue. Thus, the [NAD+]/[NADH] ratio of the 
mitochondrial matrix may be conveniently calculated from the 
glutamate-dehydrogenase system. It remains an open question whether 
the values calculated from the ß-hydroxybutyrate-dehydrogenase 
reaction do, in fact, reflect a separate mitochondrial [NAD+]/[NADH] 
ratio in a cristae pool.
In contrast to the cytoplasmic ratio, incubation of slices 
without added substrate gave rise to a much more oxidised 
[NAD+]/[NADH] couple in the mitochondrial matrix compared with the 
freeze-clamped value. During incubation with glucose there was 
only a small reduction in the cytoplasmic ratio whereas the extent 
of the reduction in the mitochondrial matrix was much greater and
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moved towards the in vivo level. The difference between the 
mitochondrial [NAD+]/[NADH] ratio in the freeze-clamped (3.3 + 0.07) 
and incubated sliced tissue (13.9 + 0.9) can be readily understood 
from the 10-fold increase in ammonia and four-fold decrease in 
a-oxoglutarate (Table III.2) which accompanied incubation (Lund, 
Brosnan and Eggleston, 1970).
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CHAPTER IV
GLUCOSE METABOLISM
Introduction
In the two previous chapters preliminary investigations on the
use of the spleen slice for metabolic studies considered the
optimisation of the incubation medium, the preparation of the tissue
slice and the evaluation of its suitability for metabolic experiments.
This chapter is concerned with the various fates of glucose when
metabolised by spleen slices and in establishing more positive
information on the importance of glucose as an energy source in this
tissue. An initial study of the effect of increasing glucose
concentration in the medium permitted maximal rates of glucose
utilization and oxidation to be assessed on the one hand, and a
suitable concentration of glucose for use in these studies on the
other. The detailed metabolic fate of glucose carbon was estimated
not only from the net changes but also from the isotope distribution
14pattern following the oxidation of [U- C] glucose. The sensitivity 
of glucose metabolism by the tissue has been considered in the presence 
of a number of different hormones including insulin. Slices were also 
incubated with glucose in an anaerobic atmosphere, in order to show 
if there was a Pasteur effect. The importance of the oxidative limb 
of the pentose pathway to the metabolism of glucose has been followed 
using specifically labelled radioactive glucose.
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14Quantitative Aspects of [U- C] Glucose Metabolism 
Glucose concentration dependence
Glucose utilization increased with increasing initial glucose 
concentration until saturation was achieved at approximately 5 mM 
(Table IV.1). There was, however, no significant change in the gas 
exchange (oxygen consumption or CO^ production). Lactate and pyruvate 
production continued to increase even at saturating glucose 
concentrations, although the [lactate]/ [pyruvate] ratio remained the 
same.
The percentage contribution made by glucose to the respiratory
fuel can be calculated from these figures on two different bases:
(i) the net glucose uptake not accounted for by conversion to
lactate plus pyruvate; and (ii) the dilution of the specific
14radioactivity of the carbon atoms derived from [U- C] glucose 
recovered in the CO^. The agreement between the two calculations is 
very good when the endogenous lactate production is subtracted in 
making the calculation according to method (i) (Table IV.1), giving 
a value of 34-39% at saturating glucose concentration as the likely 
maximum contribution of glucose oxidation to the respiratory fuel of 
spleen slices from the well-fed rat.
Net changes at fixed glucose concentration
Subsequent incubations using glucose as substrate were carried 
out at a glucose concentration of 3 mM, near the freeze-clamped tissue 
concentration of 2 mM and close to saturation. High glucose 
concentrations were avoided because of the experimental difficulties 
in assessing the small difference between initial and final glucose 
concentrations. For example at 10 mM added glucose less than 10%
Sp. 
radioactivity of [U-Xt+C] 
glucose
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of the added glucose was utilized and this value decreases with 
increasing glucose concentration.
The results of such experiments for both well-fed and 72 hour 
starved rats are shown in Table IV.2. There was no significant 
difference in oxygen consumption by spleen slices when incubated with 
and without glucose in either dietary state. However, the respiratory 
quotient rose in the presence of glucose in both states, suggesting 
that carbohydrate oxidation had become quantitatively more important.
In the presence of substrate, 70-80% of the total glucose 
utilized by the well-fed rat (46.2 + 2.7 moles/hr/g dry weight of 
tissue) was accounted for by the formation of lactate plus pyruvate.
In the starved rat, in contrast to kidney cortex (Weidemann and Krebs, 
1969; Underwood and Newsholme, 1967), heart and diaphragm muscle 
(Randle et oil, 1964), glucose utilization actually increased by 21%.
On the assumption that the glucose not recovered in lactate and 
pyruvate was completely oxidised, the contribution made by glucose 
to the respiratory fuel was 24.4% and 31.6% in the well-fed and 
starved animals respectively. The dilution of the specific 
radioactivity of the starting glucose carbon in the respiratory CO^ 
supports this net calculation in the well-fed animal. The larger 
difference between the values based on these two calculations in the 
starved animal suggests that the extra glucose utilized is not 
oxidised but is converted into some other unidentified metabolite.
In both starved and well-fed animals the contribution of endogenous 
substrates to the oxidative fuel was suppressed by only 20-30% and 
we can conclude from this that, even at near saturating glucose 
concentration, endogenous substrates contribute more than 70% of the
70
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oxidative fuel.
Isotope distribution
A typical example of the complete isotope distribution following
14oxidation of 3.0 mM [U- C] glucose by slices from a well-fed rat 
is given in Table IV.3. In general, the major fate of glucose 
revealed here is consistent with the predictions made on the basis of 
the net changes. 96% of the starting radioactivity was recovered in 
all of the metabolites isolated, indicating that there are no other 
major metabolic products. Of the radioactivity recovered, 50% was 
found in the lactate pool, 28% in the respiratory CO^ and 8.6% was 
shared between glutamate and aspartate.
Of the radioactivity present in the water-insoluble material of 
the homogenized slice, the majority (8.3% of total radioactivity 
disappearing) was recovered in glycogen and oligosaccharides and the 
remainder (4.1%) in protein, nucleic acids and lipids.
The specific radioactivities of glutamate, aspartate and CO^ 
recovered at the end of the experiment are essentially similar, 
which suggests that the amino acids are labelled by "isotope exchange" 
through the glutamate and aspartate transaminase half-reactions 
(Haslam and Krebs, 1963a; Krebs et at, 1966). Of the two methods 
previously used for calculating the contribution of glucose to the 
oxidative fuel, more careful examination of Tables IV.1 and IV.2 
shows that the calculation based on isotope dilution of the radioactivity 
recovered in the respired CO^ gives values consistently lower than those 
calculated from the net changes. If the radioactivity incorporated 
into glutamate and aspartate is taken into account in assessing the 
glucose carbon potentially available for C02 production in the well-fed 
animal, then the two methods of calculation give virtually identical
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values.
The specific radioactivity of the lactate pool fell to 65% of 
the specific radioactivity of the starting glucose during incubation.
A dilution of this magnitude suggests that lactate production from 
endogenous sources continues unsuppressed in the presence of 
exogenous glucose. This observation justifies the need, mentioned 
previously, to subtract the lactate produced from endogenous sources 
from the lactate formed in the presence of added glucose when 
assessing the contribution of glucose to the respiratory fuel on the 
basis of net changes. An obvious source of unlabelled glycolytic 
carbon that might contribute to dilution of the lactate radioactivity 
is glycogen. The level of glycogen in the slice before incubation 
was measured (1.8 y moles of glucose equivalents/g wet weight) and 
calculation shows that the maximum dilution of the lactate carbon 
that could occur from this source is only 10%. The nature of the 
source of the remaining unlabelled lactate remains unclear at this 
time.
It is worth noting that the specific activity of the glucose 
recovered after incubation was essentially the same as that added 
initially, which suggests that glycogen was not converted into 
glucose, possibly due to the absence of significant glucose-6- 
phosphatase activity.
Effect of Anaerobiosis on Glucose Utilization
The incubation of spleen slices under anaerobic conditions 
increased the utilization of glucose by only 20% (Table IV.4). The 
lactate production was doubled in the presence of glucose and increased 
nearly six-fold when no substrate was added. This extremely weak
co
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Pasteur effect was unexpected since a definite Pasteur effect has 
been demonstrated in the intact organ after 10 min. of ischaemia 
(see Section III, Chapter VIII). The weak Pasteur effect observed with 
spleen slices is in direct contrast to findings in anaerobically 
perfused rat heart and liver, (Morgan et at, 1959; Woods and Krebs, 
1971), anaerobically incubated rat diaphragm muscle (Randle and Smith, 
1958) and kidney cortex, and cerebral-cortex slices incubated with 
cyanide (Rolleston and Newsholme, 1967b; Underwood and Newsholme,
1967). The anaerobic rate of lactate production when supplied with 
3 mM glucose (145 y moles/hr/g.d.wt.) was very similar to the rate 
of lactate production by the intact organ between 5 and 10 min. of 
ischaemia (154 y moles/hr/g.d.wt.) and probably represents the 
maximal glycolytic capacity of this tissue. The production of lactate 
from slices incubated anaerobically without added substrate was large 
(50.8 y moles/hr/g.d.wt.) but much less than that found by Dickens and 
Greville (1933a,b) (134 y moles/hr/g.d.wt.). The glycogen level in 
washed spleen slices just prior to incubation has been measured (8.5 
y moles of glucose equivalents/g.d.wt.). This source could only 
account for 17 y moles of lactate assuming quantitative conversion.
The source of the remaining 33 y moles of lactate formed is not 
definitely known. However, ammonia production was not totally 
suppressed by the anaerobic conditions and it is likely that alanine, 
(18 y moles/g.d.wt. present before incubation) may be a ready source 
of pyruvate through glutamate-pyruvate transaminase. The pyruvate 
formed may then be converted to lactate and could provide about half 
of the lactate unaccounted for. The [lactate]/ [glucose] ratio found 
in anaerobically incubated slices with added glucose was 2.66 and
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suggests that 70% of the lactate production from endogenous sources 
continued even in the presence of added glucose.
The [lactate]/[pyruvate] ratio, under anaerobic conditions, 
increased 30 fold without glucose and 42 fold when glucose was present. 
These high ratios reflect the extremely reduced state of the 
cytoplasmic [NAD+]/[NADH] couple caused by the inhibition of NADH^ 
oxidation.
The Effect of Hormones and Cy-AMP on The Oxidation of [U-^C]
Glucose In Incubated Slices
During these studies of glucose metabolism in the rat spleen 
slice one of the main objectives has been to define conditions that 
provide the maximal capacity of the tissue for the uptake of glucose 
and its oxidation. This maximal capacity may then be compared with 
the rates of glucose uptake and oxidation under a number of different 
conditions in vitro, e.g. anaerobiosis, starvation and addition of 
competitive fuels. This type of information can be extremely helpful 
in understanding some of the factors affecting the regulation of 
glucose metabolism. It has been shown in many tissues including 
cardiac and skeletal muscle, diaphragm and adipose tissue that 
addition of insulin greatly increases the uptake of glucose by the 
tissue (Williamson and Krebs, 1961; Ruderman et al, 1971;
Vallence-Owen, 1954 and Denton et at, 1968). It therefore seems 
logical to test the sensitivity of glucose metabolism in the spleen 
slice to physiological levels of insulin. However, Table IV.5 shows 
clearly that incubation of slices with insulin (10 M) caused no 
significant change in glucose uptake or of its complete oxidation 
to C0?.
Sp. radioactivity [U-^C] glucose
77
o
i \ j
go33o3
CD
1/5
PCPCP
CDCP
COccrw
r+3Pc+
CD
PCPCP
CD
CP
HPcr»—I'CD
X
P*oo
+ +
O') 00 h-*
CM• NJ o
CM CD
+ +co t—* o
O  O  CD
P  CM
+ INJ CM
CD P
cn oo
2O3CD
O3CD
+ + + 1 + 1 2SNJ NJ h-* p •p -P O CM CM O
P O . CO p . P -P 3• . • CM . . CD CM 00 CDCT OO P ON NJ O
t— \p
x n+ + + 1 + 1 *- XI—“ NJ ►—1 CM Cn -P O CM CM 0  1CD CD 00 . CM NJ . I—* NJ
c4s• • • O • • CD -P CMNJ O O CD CM "4 2  "3'— >
r— \1—“ 1—1 r—1
+ + + 1 + 1 X 3 CNJ NJ h-» P -P P O CM CM p  (/) 1NJ P > h-* • CO 00 • CM -P O  c t-• • • NJ . . CO CM 1p -CO CD CM CM Cn ON 00-1- n2 3 1— 1v_/
GI—*
r— \ CNJ O
• g OCn p C/5+ + + 1 + 1 X c CDp NJ ►—» -P cn -P 0 CM CM p  000 O h—* • O ON • P CM 0  p /— \• • • O' • • CD CD O 100 NJCD CO O O Cn -J O O  2 3 Cn_/
v_/
PN >>
p  CP+ + + 1 + 1 X 3NJ NJ ►—» -P cn P O CM CM P CDP NJ f—» • ON • O P O  3• • • • • 00 CD cn 1 P00 ON <£> 00 CO ON CO Cn—1 
2  H- w  3
Slices were incubated as described in the text. 
Results are the means of duplicate incubations.
78
Glucagon and adrenalin are two hormones known to be antagonistic 
with respect to insulin in many of their physiological effects 
(hyperglycaemia, glycogenolysis, protein catabolism and lipid 
mobilization, White et at, 1964). The results in Table IV.5 shows 
that these hormones did not cause any alteration in the overall 
metabolic pattern as compared with the control slices or those 
incubated with insulin.
Similar studies with the catabolic "secondary messenger" Cy-AMP 
(Pastan and Perlman, 1971) again revealed no major changes in 
glycolysis or respiration except for a raised [lactate]/[pyruvate] 
ratio and a reversal of the suppression of ammonia production by 
glucose. It is attractive to suggest that the latter finding may be 
the result of increased protein breakdown stimulated by Cy-AMP. This 
finding is, however, more logically explained by conversion of Cy-AMP 
to AMP by phosphodiesterase and the subsequent deamination of AMP by 
adenylic acid deaminase, which is known to be highly active in 
spleen (Setlow et at, 1966; Brady and O'Donovan, 1965).
In conclusion glucose metabolism by spleen slices appears to be 
unaffected by physiological levels of insulin, glucagon, adrenalin 
and Cy-AMP.
Contribution of The Pentose Pathway
The high aerobic lactate production of lymphoid tissue may be 
formed by alternative pathways of glucose metabolism, that is, by 
glycolysis and by the pentose phosphate pathway. Pentose pathway 
activity is generally considered to be important for generating a 
portion of the NADPH required for lipid biosynthesis in tissues such 
as adipose tissue, testis and the lactating mammary gland. (Abraham,
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Hirsch and Chaikoff, 1954; Abraham, Cady and Chaikoff, 1960;
McLean, 1964; Walters and McLean, 1968). In lymphoid tissue the 
pentose pathway is reported to have significant activity in human 
blood polymorphonuclear leukocytes during phagocytosis (Selvaraj and 
Bhat, 1972; DeChatelet, Wang and McCall, 1972) and in peritoneal 
macrophages from the guinea-pig (Oren et at3 1963; Karnovsky and 
Wallach, 1963), while human blood lymphocytes have been shown to 
metabolize only 2% of their glucose consumption via this pathway 
in vitro (Hedeskov, 1968) .
The contribution of the oxidative route of the pentose pathway to
the glucose metabolism of the normal rat spleen was estimated from the 
14CC>2 yield from specifically labelled glucose by three different 
methods: that of Beck (1958) and those of Katz et at (1966). These
are summarised in Table IV.6 and calculations are presented based on 
the radioactivity recovered in respiratory C0^ (Table IV.6). Methods 
(b) and (c) indicate that the metabolism of glucose carbon by the 
oxidative segment of the pentose pathway was very low, accounting for 
only 2% of the catabolized glucose, while method (a) gives a higher 
value of 6.1%. However, method (a) is probably less accurate since 
it does not take into account the effect of recycling fructose-6- 
phosphate to glucose-6-phosphate; these hexosephosphates are almost 
certainly in equilibrium in the rat spleen. The activity of 
phosphoglucoseisomerase is 31.5 + 1.3 moles/g fresh weight of tissue 
(back reaction) (P.E. Hickman, unpublished work, 1972).
The contribution of the pentose pathway may also be estimated 
by measurement of the incorporation of specifically labelled glucose 
into a triose phosphate derivative. Method (d) considers incorporation
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of  g lucose  r a d i o a c t i v i t y  i n t o  l a c t a t e  as d e s c r ib e d  by Katz e t  a l , 
(1966).  This  method g ives  a va lu e  o f  2.4%, in  good agreement  w ith  
methods (b) and (c) .
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CHAPTER V
ENDOGENOUS RESPIRATORY FUELS
Introduction
Because the oxidation of endogenous substrates remains largely 
unsuppressed in the presence of glucose, even at high exogenous 
concentrations, an attempt is made here to quantify the relative 
contributions made by tissue glycogen, lipids and amino acids to the 
oxygen consumption of the tissue. The influence of added glucose on 
the individual contributions made by each of the endogenous fuels to 
the oxygen consumption has also been considered. For reference 
purposes in the forthcoming sections Table V.1 shows an overall 
summary of the levels of these potential endogenous sources of fuel 
in both the slice (just prior to incubation) and the intact organ 
{in vivo) .
(i) Glycogen
The in vivo content of glycogen found in the freeze-clamped spleen 
is 3.39 + 0.28 y moles of glucose equivalents/g fresh spleen. This 
represents only 0.0006% of the tissue fresh weight. This level of 
glycogen is extremely small when compared with levels reported for 
liver and muscle of man (Harper, 1969) which may be as high as 6% and 
0.7% respectively. It is unlikely that such an extremely low 
concentration of glycogen would be an important source of endogenous 
fuel. The tissue content of glycogen fell to approximately 50% of the 
in vivo level in slices (1.8 y moles/g fresh wt.) just prior to 
incubation. The maximal glycogen utilization in the absence of added
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Table V.1 
Levels of potential endogenous fuels 
in
 v
iv
o and in spleen slices
GLYCOGEN CHANGES
Mmoles of g lucose  
equiva lents /  g dry
T IM E  (m i n .
Fig. V.l Glycogen utilization and production in the spleen slice. 
Slices were incubated with and without glucose (3.0 mM) as described 
in the text. Glycogen was assayed as glucose after diazyme 
hydrolysis of a known quantity of the homogenised slice plus medium 
as described by Bartley and Dean (1968). Glycogen production is 
indicated by a + sign and utilization by a - sign. 0, Spleen slices, 
no added substrate; #, slices plus glucose (3.0 mM).
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glucose (Fig. V.l) was found to be 5.6 y moles of glucose equivalents/ 
hr/g dry weight of tissue, which could account for only 34 y moles of 
oxygen consumed (or approximately 10% of the oxidative fuel). In the 
presence of glucose, there was no net utilization of glycogen during 
60 min. of incubation and therefore, under these conditions, it makes 
no significant contribution to the respiratory fuel.
(ii) Fatty Acids (from endogenous triglyceride)
The reserves of fatty acid in the form of neutral triglyceride 
have been measured in vivo and in the slice (Table V.l). They were 
found to be 37.8 and 35.5 y moles of fatty acid/g dry wt. of tissue 
respectively, indicating that there was little or no loss of 
triglyceride during slice preparation. Assuming that the average 
carbon chain length of the fatty acids derived from neutral triglyceride 
is 18, the complete oxidation of 1 mole of fatty acid requires 
approximately 25 moles of oxygen (Weidemann and Krebs, 1969). The 
amount of fatty acid available in the slices just prior to incubation 
was 35.5 y moles which could maintain the respiratory rate (352 y 
moles O^/hr/g.d.wt.) for about 2 V 2 hours, provided no other substrates 
were utilized. Clearly neutral triglyceride may be an important 
source of endogenous fuel and account for a large part of the oxygen 
consumption of slices incubated with or without added glucose. If 
this is the case, measurement of neutral triglyceride levels in the 
slice, before and after suitable periods of incubation, should allow 
assessment to be made of the contribution of this endogenous fuel 
source to the oxygen uptake. A preliminary experiment of this type 
has been carried out and the results showed that there was a decrease 
in the neutral triglyceride levels (25%) after a 2 hour incubation,
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with and without added glucose. However, the experimental techniques 
used, failed to give the degree of accuracy required to show any 
statistical difference in these levels. This is clearly demonstrated by 
the extremely large standard error of the mean in the preincubation 
levels of slices shown in Table V.l. For this reason 2-bromostearic 
acid, a specific inhibitor of fatty acid oxidation was used as an 
alternative method of estimating the importance of endogenous fatty 
acid to the respiratory fuel.
Estimation of fatty acids (from endogenous triglyceride) as a fuel 
using 2-bromostearate
The contribution of fatty acids to the respiratory fuel has also 
been calculated on the basis of respiratory inhibition by 
2-bromostearate. 2-Bromostearate is a very powerful inhibitor of 
palmitoyl acyl transferase, which plays a specific role in the 
oxidation of fatty acids (Tubbs and Garland, 1968). Randle (1969) 
has shown that perfusion with 2-bromostearate restored impaired 
glucose utilization in alloxan-diabetic rat hearts by selectively 
inhibiting the oxidation of fatty acids. Bringolf et at (1972) have 
found increased pyruvate and glucose oxidation in diaphragm from 
rats maintained on a high-fat diet after incubation with 2-bromostearate. 
Again this has been shown to be caused by the selective inhibition 
of diaphragm glyceride oxidation.
The inhibition of respiration in spleen slices from the well-fed 
and starved rats (72 hr) by 2-bromostearate is shown in Table V.2.
Slices were pre-incubated for 40 min. prior to addition of glucose 
and gas exchange measurement, as it was found that the inhibition of 
oxygen consumption by 2-bromostearate was essentially linear after
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flasks, gas exchange was monitored over a further 60 min. of incubation. 
For a full account of the
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this time (Fig. V.2). If this inhibited respiration is directly 
equivalent to the inhibition of fatty acid oxidation, then in both 
dietary states and in the presence and absence of glucose, fatty 
acid oxidation contributes approximately 43-54 percent of the 
oxidative fuel.
(iii) Amino Acid
The production of ammonia during the incubation of spleen slices 
is shown in Table V.3 and is in good agreement with earlier values 
reported by Dickens and Greville (1933). In contrast to similar 
experiments with brain slices (Weil-Malherbe and Green, 1955), the 
inhibition of ammonia production was only partial in the presence of 
glucose.
The results of an experiment designed to test the effect of 
increasing concentrations of added glucose on the net production of 
ammonia in spleen slices is shown in Fig. V.3. The inhibition of 
ammonia production was extremely rapid at low levels of added glucose 
and by 3 mM, which is the glucose concentration selected for the 
present work on spleen metabolism, the inhibition was essentially 
complete.
At a glucose concentration of 20 mM, nearly twice that used to 
produce a total inhibition of ammonia production in brain slices 
(Weil-Malherbe and Green, 1955), the inhibition in spleen slices, 
however, was only 66%.
One obvious net source of ammonia is glutamine, which is known 
to be present at high levels in the intact rat spleen (2.99 + 0.28 
P moles/g fresh weight of tissue, see Table V.4). Table V.3 shows
30O
OXYGEN
C O N SU M PTIO N
Fig. V. 2 Effect of 2-bromostearate on the oxygen consumption 
of rat spleen slices incubated in the presence of glucose 
Slices were incubated with glucose (3.0 mM) in the presence and 
absence of 2-bromostearate (4 mM) as described in the legend to 
Table V.2. 0, No. 2-bromostearate; •, plus 2-bromostearate (4 mM) .
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in the text. The results
The incubations were performed as described 
are the means of duplicate incubations.
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Table V.4 Comparison of amino acid levels in vivo and in the
slice before and after incubation 
Numbers of determinations are given in parentheses.
y moles/g.d.wt
Amino acid in vivo un incubated 
slices
incubated
slices
Substrate added. .. None None None Glucose (3 mM)
(5) (5) (3) (3)
Aspartate 9.0 +1.5 13.77+0.83 13.21+ 2.1 9.46+0.49
Glutamate 15.4 +2.5 7.61+1.54 6.54+ 3.0 9.84+0.82
Glutamine 12.9 +1.2 12.8 +0.52 11.68+ 1.26 13.11+2.9
Alanine 5.2 +0.65 9.19+1.59 11.80+ 2.8 13.40+0.62
Glycine 7.9 +0.9 11.56+1.53 17.02+ 2.5 16.19+2.2
Serine 3.4 +0.34 5.24+0.69 10.42+ 0.4 11.40+0.62
Threonine 6.3 +0.6 2.24+0.4 5.74+ 0.5 6.06+1.54
Proline - 1.65+0.09 3.63+ 2.4 3.58+1.4
Valine 0.41+0.2 1.40+0.12 4.92+ 0.93 4.52+0.1
Methionine - 0.54 1.15+ 0.49 0.63+0.22
Iso-leucine 0.47+0.25 0.60+0.07 2.79+ 0.49 2.59+0.26
Leucine 0.86+0.30 1.96+0.10 6.59+ 1.2 6.27+0.28
Tyrosine 0.95+0.56 0.98+0.82 2.50+ 0.18 2.28+0.26
Phenyl-alanine 0.73+0.41 0.73+0.11 3.33+ 0.4 2.94+0.27
Total pool size 63.4 +4.1 70.26+2.0 101.3 +13.5 102.3 +5.8
Lysine 2.4 +0.73 - - -
Histidine 0.95+0.65 - - -
Arginine 0.82+0.22 - - -
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that there was no net disappearance of glutamine during incubation, 
suggesting that ammonia is not exclusively derived from glutamine 
breakdown.
Weil-Malherbe and Green (1955) have considered several alternative 
deaminating enzyme systems that are known to occur in brain and may 
be associated with the ammonia production observed in slices: 
glutaminase, glutamic-dehydrogenase, amine oxidase, adenylic deaminase 
and adenosine deaminase. However, on closer inspection, Weil-Malherbe 
and Green concluded that ammonia was not derived from these systems 
in a net sense. Although the source of ammonia is not definitely 
known, it was suggested to be derived from amino acids liberated 
during proteolysis.
Spleen is known to have extremely active adenylic acid and 
adenosine deaminases. (The activities are 2.7 y moles NH^+/min/g.fr.wt. 
at 37° and 17.6 y moles adenosine/min/g.fr.wt. at 37° respectively; 
Setlow et at, 1966; Brady and 0 ’Donovan, 1965) During 60 min. of 
incubation there was a significant breakdown of total adenine 
nucleotides which could liberate a maximum of 5.5 y moles of ammonia/ 
hr/g.d.wt. of tissue. However this only represents a small part of 
the total production of ammonia and it has been assumed that the 
remainder was released from the oxidation of amino acids derived from 
protein breakdown. In calculating the contribution of amino acids 
to the oxidative fuel, the carbon available after deamination of the 
amino acids is assumed to be available as a source of oxidative fuel 
(Table V.3). On this basis, amino acids appear to make a significant 
contribution to the respiratory fuel in the absence of added substrate 
in the fed animal (34.8%) and account for nearly 50% of the endogenous
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substrate in the starved animal. Incubation with glucose (3 mM), 
however, suppressed the oxidation of amino acids in both dietary- 
states by approximately 50%. The free amino acid pool sizes in 
incubated and unincubated slices and in the freeze-clamped organ are 
shown in Table V.4. The amino acid levels were measured in an attempt 
to test more directly the assumptions made above about the oxidation 
of amino acids and their possible origin. The total pool size was 
slightly larger in the unincubated slices than in vivo suggesting 
that some proteolysis takes place during the preparation of the slices. 
The total pool size in slices, however, increased 30% after 60 min. 
of incubation in the presence and absence of glucose. It is suggested 
from these results that proteases are activated during the preparation 
of the tissue and cause significant proteolysis during the incubation 
at 38°.
On closer inspection of the sizes of the individual amino acid 
pools it is revealed that most of the amino acid levels increased 
2-4 fold during the incubation period. Exceptions were aspartate, 
glutamate, glutamine, alanine, glycine and, possibly, methionine.
These six amino acids either maintained their preincubation levels 
or deviated from this value in only a minor way. The enzymes 
associated with the oxidation of aspartate, glutamate, glutamine and 
alanine, via the tricarboxylic acid cycle are known to be present in 
spleen (Krebs, 1972; Williamson et al, 1967; Greenstein and Leuthardt, 
1948).
It is suggested that the levels of aspartate, glutamate, 
glutamine and alanine did not increase during incubation because the 
rate of release of these amino acids from protein was counteracted
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by their removal for oxidation.
A scheme for the oxidation of these four amino acids is shown 
in Fig. V.4. The activity of glutamate-oxaloacetate transaminase is 
extremely high in most tissues and spleen is no exception (Krebs, 
1972). Aspartate may readily transaminate with 2-oxoglutarate to form 
glutamate and oxaloacetate. Glutamate is readily deaminated to 
2-oxoglutarate via the glutamate dehydrogenase reaction so that both 
2-oxoglutarate and oxaloacetate are able to enter the tricarboxylic 
acid cycle. Glutamine can be converted to glutamate by glutaminase I, 
whose activity was calculated from Greenstein and Leuthardt (1948) 
and Goldstein (1967).
The activity of glutamate-pyruvate transaminase is reported by 
Krebs (1972) as < 15 y moles of glutamate formed/hr/g.f.wt. of tissue. 
Alanine levels, however, rose only slightly during incubation so that 
the transaminase activity, although weak, is presumably capable of 
removing excess alanine formed from proteolysis.
The first step in the degradation of many of the remaining amino 
acids is a transamination reaction and it is known in spleen that, 
with the exception of leucine amino transferase, most other amino 
transferases are either absent or have extremely low activity (Krebs, 
1972). It is probably for this reason that the majority of the amino 
acids are not readily oxidised and that their levels rise during 
incubation as protein is broken down. The ammonia released during 
incubation of slices is concluded to be derived from the glutaminase 
and glutamate dehydrogenase reactions and the amino acid carbon 
skeletons are oxidised by the tricarboxylic acid cycle.
( 
) Enzyme Activity
(y moles/g.f.wt./hr)
CD 17-cH
H -(
ZIm
Fig. V.4 
MECHANISM OF AMINO ACID OXIDATION
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In Table V.3 it was shown that incubation of slices with glucose 
suppressed the production of ammonia by nearly 50%. This presumably 
indicates that glucose inhibits the oxidation of amino acids. However 
there was no change in the total pool size of the free amino acids 
after incubation with glucose which suggests that glucose may also 
slightly inhibit the breakdown of protein in addition to suppressing 
amino acid oxidation.
The small decrease in the levels of the free amino acids that 
are rapidly oxidised is in good agreement with this prediction. In 
contrast, there was a small increase in levels of glutamate, 
glutamine and alanine because their removal for oxidation was inhibited 
by glucose.
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CHAPTER VI
THE CONTRIBUTION OF OTHER OXIDATIVE FUELS,
THEIR EFFECT ON THE OXIDATION OF [U-14C] GLUCOSE AND THE 
LIMITATION OF PYRUVATE OXIDATION
Introduction
In the previous chapter it was shown that fatty acid derived 
from endogenous neutral triglyceride and amino acid liberated from 
protein, were the major respiratory fuels of the spleen slice from 
the well-fed and starved rat. Addition of glucose to the medium 
suppressed the oxidation of amino acid about 50% but had no effect 
on the oxidation of fatty acid.
In this chapter the importance of other physiological fuels such 
as lactate, acetoacetate and stearate which are supplied to the spleen 
in vivo via the circulatory system, are considered. Their effects 
on the metabolism of glucose and endogenous fuels are also 
determined. The ultimate aims of this whole section have been to 
investigate fully the endogenous and exogenous respiratory fuels of 
the tissue in vitro so that some predictions can be made of the 
relative importance of these fuels in vivo.
It has already been shown in Chapter IV that saturating levels 
of glucose were unable to supply more than about 35% of the 
respiratory fuel. Glucose uptake and its subsequent conversion to 
pyruvate is not the rate limiting step in the oxidation of glucose, 
since the majority of the glucose utilized was converted to lactate.
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It is therefore proposed in this chapter that the rate of pyruvate 
oxidation limits the entry of glucose carbon into the tricarboxylic 
acid cycle. The possibility that this limited oxidation is due to 
a low steady-state level of pyruvate in the tissue and/or by the 
competition for pyruvate by lactate dehydrogenase is discussed.
In many mammalian tissues including rat diaphragm and cardiac muscle, 
pyruvate oxidation is known to be suppressed under conditions of 
increased fatty acid oxidation, such as during starvation or in the 
diabetic animal (Pearson et at, 1949; Villee and Hastings, 1949;
Garland et at, 1962). Portenhauser and Wieland (1972), in rat liver 
mitochondria, have shown that the inhibition of pyruvate oxidation 
by the oxidation of fatty acids, is associated with the conversion 
of active pyruvate dehydrogenase into a phosphorylated inactive form.
It therefore seems logical to suggest that the continuing high rate 
of fatty acid oxidation in this tissue may also cause a continuing 
inhibition of pyruvate oxidation. This theory has been examined 
using 2-bromostearate in the presence of added glucose or pyruvate.
The 2-bromostearate specifically inhibits the oxidation of 
endogenously derived fatty acid and should therefore allow the 
oxidation of pyruvate and glucose carbon to proceed uninhibited.
The Contribution Of Sodium Lactate (5 mM) To The Respiratory Fuel 
Of Spleen Slices And Its Effect On Glucose Oxidation
The serum level of lactate in the rat is generally in the range 
0.8 - 2.0 mM and is an important potential source of oxidisable 
carbon. Lactate levels in localized areas of the spleen may be 
somewhat higher than normal serum levels since lactate is an end-product 
of erythrocyte metabolism (Jandl and Aster, 1967). The maximum
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contribution of glucose to the respiratory fuel has already been 
shown to be about 35%. The entry of glucose carbon into the 
tricarboxylic acid cycle may be limited by the low steady state 
level of pyruvate formed from glucose. However spleen is known to 
have a highly active lactic dehydrogenase so that the steady-state 
level of pyruvate may be raised when lactate is offered as a 
substrate. In this way lactate may be a more important physiological 
oxidative fuel than glucose. When glucose and lactate were both 
added, the incubations were designed to see whether their respective 
importance as oxidative fuels was additive or competitive.
The results of two separate experiments are given in Table VI. 1
14one in which radioactively labelled [U- C] glucose (3 mM) and
unlabelled lactate were incubated together and the other in which
14the isotopic labelling was reversed, containing [U- C] lactate 
and unlabelled glucose.
14When slices were incubated with [U- C] lactate (5 mM) alone, 
it contributed 34.6% of the respiratory fuel as calculated from the 
dilution of the specific radioactivity of the carbon atoms recovered 
in the respiratory CO^. This value is similar to the maximal 
contribution found with glucose at saturating concentrations. The 
net contribution of lactate to the respiratory fuel was calculated 
on the assumption that the lactate oxidised was equal to total 
lactate utilized minus the pyruvate formed. The value was 26 - 31.5%, 
provided it was further assumed that lactate production from 
endogenous sources continued unsuppressed. The reason that this net 
value is lower than that calculated from the radiochemical data can 
only be explained if lactate production from endogenous sources was
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greater in the presence of added lactate and consequently masked 
some of its disappearance.
The most striking observation, when slices were incubated with
glucose and lactate together, was the continuing net production of
lactate. However this is logical because glucose uptake was
unsuppressed by lactate. Glucose, therefore, continued to generate
lactate even in the presence of a large pool of exogenous lactate.
14However, the radioactivity recovered in the CO^, when [U- C]
lactate was incubated with unlabelled glucose, demonstrates that
lactate carbon was still entering the tricarboxylic acid cycle.
Calculation of the contributions of glucose and lactate, individually,
to the respiratory fuel when incubated together with slices
The contributions of glucose and lactate to the respiratory
fuel cannot be calculated from the net changes in the usual manner (see
Chapter IV) because there is no way of calculating how much
lactate is utilized and how much is formed from glucose. However
with the following three assumptions: (i) that the glucose
oxidised in the presence of lactate is equivalent to the reduction
in the radioactivity of the CO^, derived from [U-^C] glucose;
(ii) similarly, the lactate oxidised in the presence of glucose is
equivalent to the reduction in the radioactivity of the CO^, derived 
14from [U- C] lactate; and (iii) that the endogenous lactate
production is equivalently unsuppressed by both substrates; then
the amount of lactate and glucose carbon oxidised may be calculated.
For example, the amount of glucose carbon oxidised from the slices
14incubated with [U- C] glucose alone was calculated as follows.
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All units are y moles/hr/g.d.wt. of tissue.
Glucose utilized = 43.3
lactate produced = 80.5
pyruvate produced = 6.2.
However lactate + pyruvate formed from endogenous sources was 
18.2 + 1.5 = 19.7.
.’. Lactate + pyruvate formed from glucose = 80.5 + 6.2 - 19.7 = 67
6 7And 67 lactate + pyruvates would be formed from —  = 33.5 glucoses.
Glucose available for oxidation 43.3 - 33.5 = 9.8.
The oxidation of 9.8 [U- C] glucoses was assumed equivalent
to the recovery of 329,438 c.p.m. in the C0?. When unlabelled
14lactate was added, the radioactivity in the CO^ from [U- C] glucose
was 148,509 c.p.m./flask.
14[U- C] glucose oxidised in the presence of unlabelled lactate 
is given by
9.8 x 148,509 
329,438
4.4.
the % contribution of glucose to the 0 consumption
4.4 x 6 x 100 
364
7.3%
Calculation of the amount of lactate carbon oxidised in the 
14presence of [U- C] glucose was as follows.
Glucose utilized = 40.8
Glucose oxidised 4.4
100
Glucose available for lactate and pyruvate formation = 40.8 - 4.4 =
36.4 and is equivalent to 36.4 x 2 = 72.8 lactate + pyruvate.
The net lactate production was 38.9.
Lactate utilized = 72.8 - 38.9 = 33.9.
However 17.7 pyruvates were formed.
.'. Lactate available for oxidation = 33.9 - 17.7 = 16.2.
On the assumption that endogenously formed lactate and pyruvate 
were unsuppressed, lactate oxidised = 16.2 + 19.7 = 35.9.
.*. The % contribution of lactate to the 0^ consumption
35.9 x 3 x 100 _ 2 9  ^
364
14The amount of [U- C] lactate carbon oxidised in the presence 
of unlabelled glucose was calculated in a similar manner.
The agreement between the two methods of calculating the 
contribution of glucose or lactate to the oxygen consumption, based 
on the radiochemical changes and the net changes, is reasonable.
However, in contrast to the same calculations made for glucose alone in 
Chapter IV, calculations from the net changes were consistently 
lower than those derived from the radiochemical changes. At the 
present time the only reasonable explanation for this anomaly is that 
the endogenously formed lactate was increased in the presence of 
lactate and/or glucose as substrates.
The radiochemical and net changes shown in Table VI. 1 indicate 
that glucose had only a weak inhibitory effect on the oxidation of 
lactate. Glucose decreased the contribution of lactate to the
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respiratory fuel from 34.6% to 28.4% (radiochemical changes) and
28.8% to 26.4% (net changes). In contrast, the effect of lactate on
glucose oxidation was much more marked. The calculations show that
the entry of glucose carbon into the tricarboxylic acid cycle was
suppressed more than 50% by lactate. Unlabelled glucose caused a
small dilution in the specific radioactivity of the CO^ derived from 
14[U- C] lactate. This may be explained on the basis of an immediate
equilibration of unlabelled pyruvate formed from glucose with the
14massive pool of added [U- C] lactate. However if this explanation
is correct, then a much greater decrease in the specific radioactivity
14of CO^ formed from [U- C] glucose with unlabelled lactate would 
have been expected. It is suggested that isotope equilibration 
between pyruvate and lactate does not reach completion before some 
of the pyruvate formed from glucose is oxidised by pyruvate 
dehydrogenase.
The decreased oxidation of glucose and lactate carbon when the 
two substrates were incubated together shows that their contributions 
to the respiratory fuel, 28.4% and 9.4% respectively, provided a 
combined contribution of 37.8%. This value is close to the contribution 
made by lactate alone and the maximal contribution of glucose at 
saturating concentrations. It seems that a contribution to the 
respiratory fuel of about 35% is an upper limit for glucose and 
lactate, whether supplied together or separately, and that their 
respective contributions are determined by their relative
concentrations.
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Incubation Of Slices With Unlabelled Sodium Pyruvate And Its 
Effect On The Oxidation Of [U-^C] Glucose
Serum and tissue levels of pyruvate are of the order of 0.1 mM 
so that addition of pyruvate grossly in excess of this concentration 
cannot be considered to have physiological importance.
The addition of 2.5 mM pyruvate, which is thirty times the 
steady state level produced during incubation with glucose (3 mM), 
and ten times that produced by addition of lactate (5 mM), should 
confirm whether glucose oxidation is limited by the steady-state 
level of pyruvate. The failure of lactate to decrease the uptake of 
glucose shown in Table VI.1, was unexpected. Therefore the addition 
of high levels of pyruvate offers another system in which an alternative 
oxidisable substrate is provided to compete with glucose. The effect 
of pyruvate concentration on the uptake of glucose and its subsequent 
conversion to pyruvate may be followed.
Addition of pyruvate to the incubation medium was similar to
lactate in that pyruvate did not cause significant changes in the
oxygen consumption of spleen slices (Table VI.2). However, as
expected on the basis of the stoichiometry of the reaction describing
complete pyruvate combustion (2CH^C0C00H + 50^ öCO^ + 4 H2O), the
production of CO^ increased so that the respiratory quotient (R.Q.)
became significantly greater than one. The change in R.Q. suggests
that there was a considerable combusion of pyruvate to CO^ which
was even more marked in the presence of glucose. Again as found
14with lactate, net [U- C] glucose utilization was not decreased 
significantly on the addition of pyruvate (2.5 mM). This finding
Table VI.2 The oxidation of sodium pyruvate (2.5 aW) and its effect on the oxidation of
[U-14C] glucose (3 aH) in rat spleen slices
Slices were incubated for 40 »in. and the results were calculated to represent the mean ♦ S.E.M.
All other incubation conditions were as described in the aethods section. Calculation of percent 
contribution of glucose or pyruvate to the oxidative fuel assiaed that 22.2 u moles of lactate/hr/g.d.wt. 
were formed from endogenous sources as discussed in Chapter IV.
Metabolic changes (|i moles/hr/g.d,wt. of tissue)
Substrates added... None [U-14C] Glucose 
(3 »M)
[U-14C] Glucose (3 mM) 
♦
pyruvate (2.5 aM)
Pyruvate 
(2.5 »M)
°2 -349 -362 +6 -353 +11 -383 +13
C°2 ♦ 308 ♦323 +2 ♦420 +18 ♦385 +5
R.Q. 0.88 0.89+0.01 1.19+0.03 1.00+0.03
Glucose ♦ 1.7 *-51.6 +2.4 »- 46.2 +4.2 ♦ 1.6 *0.2
Pyruvate ♦ 1.5 ♦ 7.2 +0.8 -105.2 +3.1 -119.3 +3.0
Lactate ♦ 22.2 ♦94.7 +3.1 ♦178.6 +3.2 ♦ 85.9 +4.4
[lactate]/[pyruvate] 15.3 13.4 1.7 0.86
Radioactivity in 14C02 
(c.p .■./cup) 91,056 61,744
Specific radioactivity of 14C02 
(c.p.»./u g atom of C) 12,108 6,274
Sp. radioactivity of 14C02 x 100 
Sp. radioactivity [U-*4C] glucose
22.8 11.8
% contribution of glucose to 02 
consumption 20.7 14.4
% contribution of pyruvate to 02 
consumption 13.5 36.3
*02 equivalents' 396 415
% contribution of pyruvate to 02 
consumption accoimting for 
hydrogen acceptance 12.0 33.5
*Values tested statistically for significant difference and found not significant.
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is in direct contrast to similar studies by Rolleston and Newsholme 
(1967a) with brain slices, where glucose uptake was decreased 36% by 
pyruvate.
In flasks where slices were incubated with pyruvate alone, the 
total pyruvate uptake was sufficient to account for 80% of the 
oxygen consumption. However 70% of this pyruvate could be accounted 
for quantitatively by lactate production. On the assumption that 
endogenous lactate production continued unsuppressed, 2.5 mM pyruvate 
contributed 36.3% of the oxidative fuel. Further consideration of 
this calculation reveals that the contribution of pyruvate to the 
oxygen consumption is complicated by the fact that it is a substrate 
of higher oxidation state than glucose or lactate. Thus pyruvate 
serves as a hydrogen acceptor as well as a hydrogen donor during 
its oxidation to CO^ and conversion to lactate. The total oxidative 
capacity is therefore the sum of the total oxygen consumption plus 
lactate formation (Williamson and Krebs, 1961). This sum is 
expressed in Table VI.2 as '0^  equivalents’ so that when this is 
taken into account, 2.5 mM pyruvate accounted for 33.5% of the 
oxygen consumption.
Lactate production from slices incubated with glucose plus 
pyruvate was twice that produced when glucose or pyruvate were 
added separately. This suggests that the lactate produced in the 
presence of both substrates was generated in an additive manner.
The very low [lactate]/[pyruvate] ratio, measured at the end 
of the incubation indicates that the redox state of the [NAD+]/[NADH] 
couple in the cytoplasm remained very oxidised in the presence of 
pyruvate. The reason that the tissue was unable to maintain a normal
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[lactate]/[pyruvate] ratio with added pyruvate, yet quite able to
maintain the ratio with 5 mM lactate, was probably due to the
exhaustion of cytoplasmic NADH in the absence of a net source of
cytoplasmic reducing equivalents. Where slices were incubated with
pyruvate and glucose, extra reducing equivalents are provided by
glucose, which account for the two-fold increase in the [lactate]/
[pyruvate] ratio. The same limitation should also apply to the
oxidation of lactate by NAD+, but it must be remembered that only
about one-tenth of the added lactate need be converted to pyruvate,
while the majority of the added pyruvate must be reduced to lactate
to generate a [lactate]/[pyruvate] ratio of approximately ten. The
30% dilution of radioactivity in the respiratory CO^ derived from
[U-14C] glucose shows that some of the pyruvate carbon entered the
tricarboxylic acid cycle in competition with glucose carbon.
However, as shown above, when pyruvate was added to slices incubated
with glucose the net production of CO^ rose by 29%. This observation,
in combination with the 30% dilution of the radioactivity caused by
unlabelled pyruvate, accounts for the two-fold decrease in specific
14radioactivity of the CO^ derived from [U- C] glucose. In effect,
14pyruvate is similar to lactate and competes with [U- C] glucose as
an oxidative fuel, decreasing the overall contribution of glucose
by 50% when calculated from the radiochemical changes. The same
calculation may also be made from the net changes in an identical
manner to that described for the lactate experiment. If it is
assumed that the glucose oxidised in the presence of pyruvate is
equivalent to the reduction of the radioactivity of the CO^ derived 
14from [U- C] glucose, and that the endogenous lactate production is
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equivalently unsuppressed by both substrates, then the amount of 
pyruvate and glucose carbon oxidised may be calculated. The net 
contribution of glucose to the 0^ consumption, when calculated from 
the above assumptions, shows that pyruvate only decreased the oxidation 
of glucose by 30% (20.7 -> 14.4). This discrepancy between the two 
values for the contribution of glucose to the respiratory fuel, when 
calculated by the two different methods, may be resolved as follows.
The method involving the radiochemical changes considers the extra 
carbon dioxide formed from the oxidation of pyruvate, while the 
calculation based on the net changes does not take this into account.
The effect of glucose on the oxidation of pyruvate was much greater than 
its effect on lactate oxidation and reduced the contribution of 
pyruvate to the fuel of respiration from 36.3% to 13.5%. It appears 
that in contrast to the effects of glucose on lactate, pyruvate 
has a much stronger inhibitory effect on glucose oxidation.
However the reduction of pyruvate oxidation by glucose will be 
modified somewhat since it was shown in later experiments (Table 
VI.3) that a significant proportion of pyruvate, presumed available 
for oxidation, is in fact converted to alanine. When this net 
production of alanine is taken into consideration the contribution 
of pyruvate (2.5 mM) alone to the respiratory fuel falls from 36.3% 
to 25% so that realistically glucose decreases the contribution of 
pyruvate from 25% to 13.5%. Together glucose and pyruvate contribute 
about 28% of the respiratory fuel which is quite close to the 
figure of their averaged separate contributions (— — --■ -t. = 22.8%)
but again may be modified if the net production of alanine is 
considered. Pyruvate and glucose were oxidised in a competitive
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manner rather than an additive one as was shown with glucose and 
lactate. Glucose and lactate made a combined contribution of about 
35-37%. This was near the maximal contribution at saturating 
glucose concentration and near the value made by lactate (5 mM) 
alone. For unknown reasons, however, glucose and pyruvate together 
and pyruvate alone could only contribute a maximum of about 25-28% 
of the respiratory fuel.
Raising the steady state level of pyruvate 30-fold did not 
significantly increase the entry of pyruvate carbon into the 
tricarboxylic acid cycle. It appears that when physiological levels 
of glucose are available the low steady state-level of pyruvate in 
the tissue is not the major factor limiting the oxidation of 
pyruvate.
It is also worth noting that the extremely low levels of glucose 
found after incubation in the absence of added substrate and after 
addition of pyruvate or lactate indicate that, as expected, 
gluconeogenesis is not important in this tissue.
The Effect Of Pyruvate Concentration On Pyruvate Oxidation
From the experiments in this and the previous chapter it appears 
that, although the total glucose and pyruvate taken up by the tissue 
is sufficient to account for nearly 80% of the oxygen consumption, 
the major fate of glucose and pyruvate metabolism is lactate 
production. The entry of glucose carbon into the tricarboxylic 
acid cycle is apparently limited at the level of pyruvate oxidation. 
Rate limitation at this point might be effected in two ways:
(1) if the activity of the pyruvate dehydrogenase enzyme complex 
(PDH) is low compared with the activity of lactate dehydrogenase (LDH);
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(2) if the steady-state level of pyruvate generated from glucose 
in the slice is well below the for pyruvate dehydrogenase but
close to the for LDH (125 yM; P.E. Hickman, personal
communication). This is likely to be particularly important 
because there may then be competition for pyruvate between a very 
active LDH and a very low activity PDH. Metabolic direction may 
then be mediated by the effect of substrate saturation on the 
kinetics of the two pathways. In either case the activity of 
pyruvate dehydrogenase is the key factor.
An attempt was made to test the second of the above possibilities
by measuring the for pyruvate utilization, and by observing the
maximum contribution of pyruvate oxidation to the respiratory fuel
over a wide range of pyruvate concentrations. In Fig. VI.1 the
results of an experiment in which spleen slices were incubated in
the presence of increasing concentrations of [U-^C] pyruvate are
plotted in the form of a Lineweaver-Burk plot. The was found to
be 1.11 mM and the V was 75.8 y moles pyruvate utilized (in
excess of lactate formed)/hr/g dry weight. The results given in
Table VI.3 show that significant quantities of alanine were formed
when pyruvate was added. When the lineweaver-Burk plot was replotted
allowing for alanine formation from pyruvate, (Fig. VI.1) a more
realistic assessment of the rate of pyruvate oxidation against
substrate concentration was obtained. The new curve shows that the
K.. (1.11 mM) was unaltered but that the V was decreased to 55.6 M max
y moles of pyruvate oxidised/hr/g. dry wt. This value for the 
(1.11 mM) compares very well with a - 1 mM for pyruvate reported 
in rat liver by Bremer (1969).
Fig. VI.1 Lineweaver-Burk plot of pyruvate utilization by rat
14spleen slices. Slices were incubated with [U- C] pyruvate for 
60 min. as described in the text. 0, is a plot of 1/[S] against 
1/v where v equals pyruvate utilized - (total lactate produced- 
lactate produced in the absence of added substrate); s, is 
pyruvate concentration (mM). •  , is also a plot of 1 / [S] against 
1/v but in this case v equals pyruvate oxidised, i.e. pyruvate
not converted to lactate or alanine.
M m o le s /  h r /  
9 dry w t .
'/ßO (m M~)
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The pyruvate concentration generated in the medium containing 
spleen slices after 60 min. of incubation with 3.0 mM glucose was 
found to be 0.12 mM, if it is assumed that there is no significant 
concentration gradient for pyruvate between the medium and tissue. 
This low steady-state level of pyruvate in the tissue, which is 
extremely close to the of LDH, suggests that competition for 
substrate between PDH and the high activity LDH (89.5 + 2.7 p 
moles/min/g wet wt.) may be an important controlling factor in the 
limitation of pyruvate oxidation.
Table VI.3 shows the results of an experiment in which the
pyruvate concentration in the medium was increased by addition of 
14exogenous [U- C] pyruvate to a level far in excess of the for 
pyruvate utilization. Even at a pyruvate concentration of 20 mM, 
twenty times that of the K^, its percentage contribution to the 
respiratory fuel was only 30% calculated on the basis of the 
dilution of the specific radioactivity of the caibon atoms derived 
from [U-14C] pyruvate recovered in the CO^. However, when the same 
calculation was made on a basis of the net pyruvate uptake not 
converted to lactate the values obtained were much larger, giving 
a maximum value of 53.3% at 20 mM. This discrepancy can be largely 
eliminated if it is assumed, as suggested above, that the extra 
pyruvate utilized, i.e. the pyruvate carbon not accounted for by 
labelling of the respiratory CC>2, was converted to alanine. 
Significant alanine production was found, even at low concentrations 
of pyruvate, so with this assumption the two calculations agree very 
well at all pyruvate concentrations below 20 mM. Here the value 
based on the net changes is still 50% higher than that based on the
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labelling of the respiratory CO^ and probably indicates conversion 
of pyruvate at high concentrations to some other unidentified 
metabolite through a reaction with a very high for pyruvate.
The lactate produced from added pyruvate is also shown in Table VI. 3 
and clearly does not reach a plateau until 5 mM added pyruvate.
This observation is difficult to interpret, since the intracellular 
pyruvate concentration should be nearly 100-fold greater than the 
found for LDH. However the competition for added pyruvate 
between PDH and LDH must become unimportant at concentrations beyond 
this point and yet, even at such grossly unphysiological 
concentrations, the rate of oxidation of pyruvate was not 
significantly increased. These experiments suggest that, although 
competition for pyruvate by PDH and LDH may be an important factor 
in limiting pyruvate oxidation at low pyruvate concentrations, the 
activity of PDH is maintained so low that little more pyruvate 
carbon is oxidised when the major alternative route is fully 
saturated.
Attempts To Increase The Oxidation Of Glucose and Pyruvate Carbon 
Using 4 mM 2-Bromostearic Acid
14The effects of 2-bromostearate on the oxidation of [U- C] 
glucose have been studied in the starved and well-fed rat spleen 
(Table VI.4). In the previous chapter it was deduced from the 
impaired oxygen consumption in spleen slices incubated with 
2-bromostearate, that fatty acid oxidation had been inhibited.
Table V.2 showed that fatty acid oxidation was inhibited by 43% 
and 53% when slices from well-fed and 72 hour starved animals were 
incubated with 2-bromostearate but that the reduced consumption of
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14oxygen was not restored on the addition of 3 mM [U- C] glucose.
Table VI.4 shows clearly that, in contrast to expectations, glucose 
uptake was decreased by 29% and 20% with 2-bromostearate in the 
starved and well-fed states respectively and that the oxidation 
of glucose, as judged by the total radioactivity found in the C0?, 
was found to decrease 30% in both dietary states. The 50% decrease 
in respired CO.,, caused by incubation with 2-bromostearate, resulted 
in a significant rise in the specific radioactivity of the CO^ and 
explains the 35% increase in contribution of glucose to the 
respiratory fuel in both dietary states.
Another major effect of incubation of slices with 2-bromostearate, 
not reported by other workers, was the dramatic fall in the 
cytoplasmic [NAD+]/ [NADH] redox state that was reflected in the 
[lactate]/ [pyruvate] ratio. The reason for the highly reduced 
state of the cytoplasm is not known but may be connected with an 
impaired ability to transport NADH into the mitochondria, via the 
malate shuttle, for oxidation. In consequence, the observed 
inhibition of glucose uptake may be caused by limited supplies of 
NAD+ required for glycolysis. However, in the light of the major 
purpose of these experiments, perhaps the most serious consequence 
of incubation with 2-bromostearate was the reduction in pyruvate 
concentration in the medium plus slices from 120 uM to 1.37 yM.
This is nearly 1000 fold less than the for pyruvate oxidation 
(1.11 mM). It would appear that, although the inhibition of 
pyruvate dehydrogenase may have been removed, any increased oxidation 
of glucose would be masked by the extremely low level of pyruvate
in the tissue.
Sp. radioactivity of [U-1HC] pyruvate
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An experiment in which spleen slices from 72 hour starved 
rats were incubated with 9 mM pyruvate in the presence and absence 
of 2-bromostearate is shown in Table VI. 5. The impaired oxygen 
consumption (174 y moles O^/hr/g.d.wt) caused by the 2-bromostearate 
was partially restored on addition of 9 mM pyruvate (229 y moles 
0 /hr/g.d.wt.). Despite the saturating level of pyruvate added 
the radioactivity recovered in the CO^ indicated that there was 
no increased oxidation of pyruvate with 2-bromostearate. The 
2-bromostearate actually decreased pyruvate uptake by 18%, of which 
the major part may be accounted for by the decreased production of 
lactate and alanine. It is interesting to note that the highly 
reduced state of the cytoplasmic [NAD+]/ [NADH] ratio found after 
incubation of slices with 2-bromostearate alone or in the presence 
of glucose and 2-bromostearate was not maintained when pyruvate 
(9 mM) was added, as indicated by the low [lactate]/ [pyruvate] 
ratio. Although the contribution of pyruvate to the respiratory 
fuel, in the presence of the inhibitor, increased from 26.8% to 
40.7%, there was no increase in the quantity of pyruvate carbon 
oxidised and therefore no increase in pyruvate dehydrogenase 
activity.
The Contribution Of Acetoacetate To The Oxidative Fuel And Its 
Effect On The Oxidation Of Glucose
An unsuccessful attempt was described in the previous section 
to increase the entry of glucose carbon into the tricarboxylic 
acid cycle using 2-bromostearate as an inhibitor of fatty acid 
oxidation. It was expected that this would have resulted in lowered 
intramitochondrial levels of acetyl COA and NADH (potent
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competitive inhibitors of pyruvate dehydrogenase) allowing increased 
pyruvate dehydrogenase activity.
In the experiments described in Table VI.6, where spleen 
slices were incubated with acetoacetate, acetyl CoA levels would 
be expected to rise significantly and pyruvate oxidation should 
be inhibited. It is also likely, since ketone bodies enter the 
tricarboxylic acid cycle via acetyl CoA, that acetoacetate may 
provide a source of oxidisable carbon which is in direct competition 
with endogenous respiratory fuels.
Incubation of slices with 4 mM acetoacetate caused no change in 
the overall respiratory rate but suppressed the contribution of 
endogenous fuels to the oxygen consumption by 47%, nearly twice 
the suppression caused by incubation with glucose (3 mM) alone.
Of the acetoacetate that was utilized, about 28% was accounted for 
by the production of ß-hydroxybutyrate and, on the assumption that 
the remainder was oxidised, acetoacetate (4 mM) contributed 48.8% 
to the oxidative fuel.
In making this calculation the ability of acetoacetate to 
serve as a hydrogen acceptor (as does pyruvate, see page 104 and 
Williamson and Krebs, 1961) was also considered. In this case the 
total oxidative capacity was therefore the sum of the oxygen 
consumption plus the ’oxygen equivalents' involved in the formation 
of ß-hydroxybutyrate. This value based on the net changes is in 
excellent agreement with the ratio:
Specific radioactivity of x 100
—
Specific radioactivity [4- C] acetoacetate 
found when slices were incubated with [4-14C] acetoacetate.
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When slices were incubated with acetoacetate and glucose,
acetoacetate had no effect on the uptake of glucose but glucose
increased the uptake of acetoacetate by 15%. At the same time
lactate and pyruvate production were increased by 38% and 86%
respectively. The four-fold dilution of the radioactivity recovered
14in the respired CO^ formed from [U- C] glucose, and the extremely 
small contribution of glucose to the respiratory fuel (1.7%), 
calculated from the net changes in glucose, lactate and pyruvate, 
suggests that in the presence of 4 mM acetoacetate the oxidation 
of glucose was inhibited and the glucose utilized was almost
quantitatively converted to lactate. Rolleston and Newsholme
a(1967) have reported similar findings during the incubation ofA
guinea-pig cerebral cortex slices with glucose and 3-hydroxybutyrate, 
although in this tissue the inhibition of glucose oxidation was 
only 23%. When acetoacetate replaced 3-hydroxybutyrate there was 
no change in the oxidation of glucose or the production of lactate 
by brain slices.
Although attempts to increase pyruvate dehydrogenase activity 
by inhibiting fatty acid oxidation failed, pyruvate dehydrogenase 
appears to have been substantially inhibited by incubation with 
acetoacetate, a potential source of acetyl CoA. The effect of 
acetoacetate on pyruvate oxidation may be seen even when slices 
were incubated without glucose, since the lactate production from 
endogenous sources, such as glycogen, was doubled.
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14The Contribution Of [U- C] Stearic Acid To The Oxidative Fuel And Its
14Effect On The Oxidation Of [U- C] Glucose
The results of an experiment designed to investigate the oxidation 
14of 2 mM [U- C] stearic acid bound to 4% bovine serum albumin, are
shown in Table VI.7. The same experiment also attempts to show whether
stearic acid is similar to acetoacetate in its ability to severely
inhibit the oxidation of glucose. Clearly 2 mM stearate had no effect
on the oxidation of glucose carbon as calculated on the basis of the
radiochemical data. Glucose uptake was also unchanged by the presence
of stearate and on the basis of the net changes it contributed 29%
to the respiratory fuel. This value is significantly higher than the
corresponding figure derived from the radiochemical changes and suggests
that some of the glucose utilized was used for synthetic purposes.
Stearic acid (2 mM) had no effect on the oxygen uptake, either
alone, or in the presence of glucose. The production of CO^, however,
decreased and the resultant fall in the respiratory quotient suggests an
increased oxidation of fat. The contribution of stearate to the
respiratory fuel, calculated from the dilution of the specific
14radioactivity of the CO^ derived from [U- C] stearate, was extremely
small (- 2%) in the presence and absence of glucose. The uptake of 
14[U- C] stearate was not measured in this experiment. It is therefore 
not possible to deduce whether the small amount of radioactivity 
incorporated into the CO^ was due to the failure of the tissue to utilize 
stearate or whether the situation was similar to that found in kidney 
cortex slices (Weidemann and Krebs, 1969). In this tissue the majority 
of the fatty acid removed from the medium was incorporated directly 
into the endogenous lipid pool, although when DL-carnitine (1.0 mM)
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was added about 14% o f  th e  f a t t y  a c id  was used f o r  th e  p ro d u c t io n  o f  
ke tone  b o d ie s .  The p ro d u c t io n  o f  a c e to a c e t a t e  d id  r i s e  when sp leen  
s l i c e s  were in c u b a ted  w ith  s t e a r a t e ,  p a r t i c u l a r l y  w ith  s t e a r a t e  a lo n e ,  
b u t  th e  q u a n t i t y  formed was ex trem ely  s m a l l .  The fo rm atio n  o f  
3 -h y d ro x y b u ty ra te  was a l s o  ex trem ely  s m a l l ,  though in  c o n t r a s t  to  
a c e t o a c e t a t e ,  in c u b a t io n  w ith  s t e a r a t e  a lo n e  d e c re a se d  th e  p ro d u c t io n  o f  
3 -h y d ro x y b u ty ra te  by 50%. I t  i s  however c l e a r  t h a t  i f  s t e a r a t e  i s  
removed from th e  medium by s p le e n  s l i c e s ,  i t  i s  no t co n v e r ted  to  ke tone  
b o d ie s  in  a n e t  sen se .
Ammonia p ro d u c t io n  was su p p ressed  in  s p le e n  s l i c e s  in c u b a te d  w ith  
g lu c o se ,  s t e a r a t e ,  and b o th  s u b s t r a t e s  t o g e t h e r .  I t  has a l r e a d y  been 
p roposed  t h a t  the  s u p p re s s io n  o f  ammonia p ro d u c t io n  by g lucose  i s  
d i r e c t l y  r e l a t e d  to  an i n h i b i t i o n  o f  endogenous amino a c id  o x id a t io n .  
S ince  th e  r e s p i r a t o r y  r a t e  was unchanged in  s l i c e s  in c u b a te d  w ith  
s t e a r a t e  a lo n e ,  w h ile  amino a c id  o x id a t io n  was s u p p re s se d ,  th e  o x id a t io n  
o f  f a t t y  a c id  d e r iv e d  from endogenous t r i g l y c e r i d e  must have in c re a s e d  
in  o rd e r  t o  m a in ta in  th e  normal oxygen consum ption. In c u b a t io n  o f  
sp le e n  s l i c e s  w ith  s t e a r i c  a c id  perhaps s u g g e s ts  th a t  s t e a r a t e  was 
removed from the  medium, in c o rp o ra te d  i n t o  th e  endogenous l i p i d  pool and 
by t h i s  p ro c e ss  the  o x id a t io n  o f  endogenous t r i g l y c e r i d e  was s t im u la te d .
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CHAPTER VII 
DISCUSSION
The Relative Importance of Glucose As A Respiratory Fuel In Spleen 
And Other Tissues
Most mammalian tissues, with the exception of nervous tissue and 
red blood cells, appear to be predominently fat utilizing in the 'resting' 
state. Carbohydrate, which is a 'scarcer' commodity in the metabolic 
economy, tends to be 'spared' in favour of fatty acid or ketone body 
metabolism whenever the alternative exists. The sparing mechanism is 
particularly important in gluconeogenic tissues where the overall 
metabolic balance is in favour of net glucose synthesis. For example 
the liver and kidney use principally fat and ketone bodies as an energy 
source during starvation (hypoglycaemia), since one of their main 
functions is to maintain the blood glucose level. This function is 
extremely important because glucose is the principal fuel of the central 
nervous system (Fritz, 1961).
On the other hand during hyperglycaemia, after a high carbohydrate 
meal for instance, when the circulating level of insulin rises, both 
the liver and adipose tissue remove glucose from the blood. However, 
rather than using it as an oxidative fuel, glucose is stored: in adipose
tissue as fat; and in the liver as fat and glycogen.
Cardiac muscle is principally a fat utilising tissue (Nieller and 
Schollmeyer, 1966) and glucose normally makes only a minor contribution 
to the respiratory fuel (24%). However the tissue is extremely sensitive 
to insulin and during hyperglycaemia, when insulin release is stimulated,
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glucose becomes a major oxidative fuel of the perfused rat heart, 
accounting for 57% of the oxygen uptake (Williamson and Krebs, 1961).
Resting skeletal muscle is also primarily a fat utilizing tissue 
where glucose makes a very small contribution to the oxidative fuel 
(4%), even in the presence of insulin. The majority of the extra 
glucose that is taken up in response to insulin is stored as glycogen 
that can be used later as an energy source during intense exercise 
(Ruderman et al, 1971; Andres et al, 1956, 1960). Under such strenuous 
conditions the tissue becomes relatively hypoxic and ATP is generated 
by anaerobic glycolysis of glucose.
In lymphoid tissues, including spleen, there are no major biosynthetic 
routes for glucose carbon associated with fuel storage, since fat and 
glycogen stores are small. In spleen the biosynthesis of fatty acids, 
protein and nucleic acid from glucose carbon was shown to be relatively 
unimportant (see Chapter IV), although it is possible that these 
biosynthetic pathways may become more active during an immune response 
when intense cellular proliferation is prevalent. For example during 
a graft-versus-host reaction (see Section IV). However, while glucose 
is not an important biosynthetic commodity in the unstimulated spleen, 
neither is it the main or even a major source of respiratory fuel in 
incubated slices of this tissue (see Chapter IV). In other tissues the 
importance of a particular fuel can invariably be rationalized in terms 
of the functions of that tissue and the dietary state of the animals 
(see above).
It therefore seems likely that by a logical consideration of the 
metabolism of the cell populations associated with the primary functions 
of the spleen, it may be possible to account for the metabolic pattern
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observed in slices of this tissue, and in particular, why under adequate 
oxygen tension, much of the glucose taken up by the slice is converted, 
apparently wastefully, to lactate.
The metabolic contribution of cell populations in the mammalian spleen
The respiratory and glycolytic metabolism of lymphocytes, 
macrophages and polymorphs has already been reviewed in the introduction 
to this thesis. These cell types are obviously major contributors to the 
oxidative metabolism of the spleen. Erythocytes, which may account for 
approximately half of the cells in the rat spleen slice, are known to 
be almost entirely dependent on the anaerobic metabolism of glucose for 
the production of ATP. Since erythrocytes lack nuclei, mitochondria, 
ribosomes, and other organelles (Rapoport, 1960), and are unable to 
convert glucose to glycogen, fatty acids or amino acids, it is possible 
that much of the large aerobic lactate production by the slice could 
be accounted for by these cells. However, Guest et at (1953), using dog 
blood, and Hedeskov and Esmann (1966), using human blood, have shown 
that the glycolytic rate of red blood cells is between 100 and 1000 times 
lower than that of white blood cells. When the respiratory and glycolytic 
rates attributable to the erythrocyte population are calculated on the 
basis of the number of erythrocytes present per unit weight of slice 
(Table VII.1), the respiratory contribution made by these cells is found 
to be negligible and the glucose uptake and lactate production barely 
significant.
Quite independent evidence from the isoenzyme pattern of pyruvate 
kinase in the spleen (P.E. Hickman, 1972, personal communication; Bailey 
et at, 1968) also indicates that the glycolytic activity of the tissue 
is not due to erythrocytes but rather to white blood cells. Spleen
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pyruvate kinase is predominantly of the 'M' rather than 'L' type 
(Jacoson and Black, 1971), since its rate is not sigmoidally dependentA
on phosphoenol pyruvate concentration nor is it activated with 
fructose-1, 6-diphosphate. Erythrocyte pyruvate kinase is predominantly 
of the 'L' type.
Reticulocytes are known to have a moderate respiratory rate (28.1 
y moles/10^ cells/hr, Wright, 1930) and an aerobic glycolysis similar 
to that of erythrocytes. However, Moore and Metcalf (1971) have 
suggested that reticulocytes account for only about 2% of the nucleated 
cells of the mouse spleen. On the assumption that this is also true 
for the rat spleen, reticulocytes are unlikely to make a significant 
contribution to its energy metabolism.
The spleen is also known to take part in the storage and release
of platelets (Harker, 1971). Platelets have been shown to have a
-2measurable glycolytic and respiratory rate (4.5 x 10 y moles of oxygen 
utilized/10^ platelets/hr and 13.4 y moles of lactate produced/10^ 
platelets/hr; Campbell et al, 1956). It has been calculated by Harker 
(1971) that, at any one time, approximately two-thirds of the platelets 
in the human are circulating in the blood, while the remaining one-third 
are stored in the spleen. If this were also true of the rat, the number 
of platelets involved would make only a very minor contribution to the 
respiratory and glycolytic activity of the spleen slice (Table VII.1).
It appears that the majority of the energy metabolism observed in 
the slice is shared amongst the 'white cells' of the tissue: namely
the lymphocytes, polymorphs and macrophages.
In the Introduction to this thesis evidence was presented that 
polymorphs and macrophages both have a high aerobic glycolytic rate 
compared with lymphocytes; while the respiratory rate of the macrophages,
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depending on their source, tends to be considerably higher than that of 
both lymphocytes and polymorphs. Lymphocytes, however, constitute 
80 - 90% of the ’white cells’ and, therefore, inspite of their relatively 
low glycolytic and respiratory rates, may account for the major part of 
the tissue's energy metabolism (see Table VII.1). Published results for 
blood lymphocytes have been used to make the calculations given in Table 
VII. 1. Of the different lymphocyte populations considered earlier, blood 
lymphocytes might be expected to have similar properties to those 
residing in the spleen which, to a large extent, are part of the circulating 
white blood cell pool. For the same reason the use of blood polymorph 
values is considered valid, as they are also likely to be from the same 
pool of circulating cells as the spleen polymorphs.
Most metabolic studies with macrophages, however, have been done 
with cells from either the pulmonary regions or the peritoneal cavity. 
Obviously the spleen and its unique macrophage population has little 
physical or functional connection with either of these tissues. It is 
difficult, therefore, to predict how the energy metabolism of the splenic 
macrophages may be compared with those of the pulmonary and peritoneal 
regions.
The 'reconstructed spleen slice’, then, represents the sum of the 
averages of the metabolic contributions made by each of the main 
constituent cell populations (Table VII.1). For aerobic lactate 
production from glucose there is reasonable agreement between the rates 
observed in the spleen slice and the values calculated. On the other 
hand, the calculated respiratory rate can account for only 21% of the 
rate of oxygen consumption observed in the intact slice.
A number of factors may give rise to this discrepancy. The
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microenvironment of the isolated cells in suspension, for instance, is 
probably very different from that which prevails in the intact tissue 
and may well have a profound effect on the metabolism of the isolated 
cells. Hedeskov and Esmann (1966), for example, have observed a dramatic 
decrease in the respiratory rate of isolated human blood lymphocyte and 
polymorph suspensions as the cell concentration is increased ('crowding 
effect'). The low respiratory rate of the lymphocyte and spleen cell 
suspensions in vitro may thus be purely an artefact of the preparation 
and incubation conditions.
It is also possible, as suggested by Moore and Metcalf (1971), that 
there may be a metabolically active cell population remaining firmly 
attached to the spleen's trabecula framework after preparation of cell 
suspensions, which do not, therefore, contain a true profile of 
representative cell types. The data given in Table VII.1 clearly 
supports this idea. The respiratory rate of the spleen 'framework', 
which remained behind, was nearly five times greater than that of the 
cells teased out from it, while the sum of the two rates was very close to 
the rate found with the intact slice.
Since a significant proportion of the 'fixed' macrophages are 
structural components of the walls of the sinuses in the spleen, it is 
very likely that they are firmly attached to the tough 'framework' 
(basement membrane) of the tissue that resists mechanical disruption.
If their energy metabolism is quantitatively similar to that of the 
alveolar macrophages (Table 1.4), which is not unreasonable considering 
the extremely efficient blood supply to the tissue, the majority of the 
respiratory activity of the slice could be accounted for by the 
macrophages alone. If this were the case nearly 10% of the nucleated 
cells of the spleen would have to be macrophages, instead of only 1% as
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has been suggested by Moore and Metcalf (1971). The feasibility of 
this idea can in fact be tested under the conditions of the graft- 
versus-host reaction (see Chapter X) where one would expect to find a 
greatly increased glycolytic rate, respiratory activity and pentose 
pathway activity in the spleen if macrophages contributed the major part 
of the respiratory activity. During this pathological condition, which 
is induced by the injection of allogeneic lymphocytes and ultimately 
leads to splenomegaly, there is an abnormal proliferation of macrophages 
in the lining of the venous sinuses of the spleen which take part in 
the phagocytosis of foreign cellular debris (Nelson, 1969). It is well 
known that the oxygen uptake, lactate production and pentose pathway 
activity of macrophages are greatly stimulated during phagocytosis 
(Sbarra and Kamovsky, 1959) and the extent to which this occurs in the 
graft-versus-host reaction should be a reflection of the size and 
importance of the macrophage population.
It is clear that the relative contribution of glycolysis and 
respiration to the energy metabolism of macrophages and polymorphs is 
related to the degree of oxygenation of their immediate environment.
Small lymphocytes, on the other hand, which represent the majority of 
the lymphocyte population of the spleen, are relatively inactive, immotile 
'resting* cells that spend considerable periods during their life-span 
in situations of low oxygen tension: in the germinal centres of the
spleen and lymph nodes, in the lymphatics (Witte et dl, 1968) and in the 
venous blood. For this reason, much of their ATP requirement must 
necessarily be met from anaerobic glycolysis. The capacity of lymphocytes 
for high rates of lactate production appears to continue, however, under 
aerobic conditions (Hedeskov, 1966, 1967). Their inability to oxidise
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significant quantities of added glucose to CO^ may be a consequence of 
their adaptation to a low oxygen environment, which is reflected in their 
extremely low mitochondrial content (Ling, 1968). That lymphocytes tend 
to convert glucose to lactate, in preference to its oxidation, is 
reminiscent of the pattern of glucose metabolism found in spleen slices 
(see Chapter IV). While it is impossible to draw any definite conclusions 
about the proportionate metabolic contributions of the spleen 'white 
cells' to the respiratory fuel of the tissue, as this was not the main 
purpose of the present study, the results reported and discussed above 
do suggest that the glyoolytio activity of the rat spleen is essentially 
that of the lymphocyte population using added glucose as its principal 
energy source. The majority of the respiratory activity, on the other 
hand, may be due to the oxidation of endogenous substrates (chiefly 
triglyceride) by tissue macrophages.
The Control of Glucose Oxidation In Spleen Slices
All the experimental evidence from Chapters IV, V and VI suggests 
strongly that the rate-limiting step in the complete oxidation of 
glucose to C02 is at the level of the conversion of pyruvate to acetyl 
CoA via the pyruvate dehydrogenase reaction. In addition, the conclusions 
drawn from the failure of exogenous pyruvate to increase the amount of 
pyruvate carbon oxidised when it is added at high concentration, strongly 
suggests that it is the low overall activity of pyruvate dehydrogenase 
that ultimately controls the entry of glucose or pyruvate carbon into 
the tricarboxylic acid cycle. In many other tissues, including adipose 
tissue, heart, kidney, liver and brain, the activity of pyruvate 
dehydrogenase is known to be controlled by the ratio of active 
(dephosphorylated)/inactive (phosphorylated) enzyme (Wieland, Patzelt 
and Löffler, 1972; Linn et dl,1969a,b; Wieland and Siess, 1970; Siess
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et at, 1971; Coore et at, 1971). Pyruvate dehydrogenase is in fact a 
complex that consists of three tightly bound enzymes, pyruvate 
dehydrogenase (pyruvate decarboxylase), dihydrolipoyl transacetylase and 
dihydrolipoyl dehydrogenase. The participation of the enzymes in the 
reaction sequence is described in Fig. VII.1 (Reed, 1969).
NAD+
[FADH]
Dihydrolipoyl
dehydro­
genase
Dihydrolipoyl
Pyruvate
dehydrogenase acetylase
CH.COCOOH
CoASH
Fig. VII.l Reaction sequence in pyruvate oxidation. The
abbreviations used are TPP, thiamine pyrophosphate; LipS^ and Lip(SH)^,
lipoyl moiety and its reduced form; CoASH, Coenzyme A; FAD, flavin
+ +adenine nucletotide; NAD and NADH+H , nicotinamide adenine dinucleotide 
and its reduced form.
The rate-controlling step of the whole sequence is the
decarboxylation of pyruvate catalysed by pyruvate dehydrogenase.
Phosphorylation of pyruvate dehydrogenase and concomitant inactivation
2 -of the complex is catalysed by a MgATP -requiring kinase that is tightly 
bound to the dihydrolipoyl transacetylase as reported by Linn et at (1972)
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for bovine kidney and heart.
Dephosphorylation and concomitant reactivation is catalysed by a 
Mg2+-requiring phosphatase. In contrast to the kinase, which is 
tightly bound, the phosphatase is reported to be only loosely associated 
with the complex (Linn et at, 1969a; Linn et at, 1972). The 
dephosphorylation of pyruvate dehydrogenase catalysed by this enzyme 
requires a Mg2+ concentration (10 mM) ten times that required by the 
kinase for the phosphorylation step (Coore et at, 1971). It has been 
reported recently (Petit et at, 1972) that the activities of highly 
purified preparations of bovine kidney and heart pyruvate dehydrogenases
are stimulated to a much greater extent in the presence of Ca2+ and Mg2
2 2 than by Mg alone. Petit et at have also shown that Ca promotes the
binding of the phosphatase to the dihydrolipoyl transacetylase, which
in turn markedly increases the activity of the phosphatase. It is
possible, therefore, that the uptake and release of Ca2 by the
mitochondria may be an important mechanism operating in the control of
pyruvate dehydrogenase activity.
Pyruvate dehydrogenase complexes from bovine kidney, liver and 
heart have also been shown to be sensitive to the intramitochondrial 
ATP/ADP ratio. When the ATP/ADP ratio is high, the phosphorylated 
(inactive) form of the complex is favoured. This is consistent with a 
lowering of the mitochondrial free Mg2+ concentration since ATP has a 
much higher affinity than ADP for Mg2+.
It was mentioned in Chapter VI that the phosphorylation/ 
dephosphorylation cycle is also affected by the oxidation of fatty acids, 
favouring the formation of the phosphorylated (inactive) form of the 
enzyme during periods of increased fatty acid oxidation (Portenhauser 
and Wieland, 1972). The mechanism involved is not precisely known at
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this time but is presumably associated with increased mitochondrial 
concentrations of the end products of fatty acid oxidation, such as 
ATP, acetyl CoA and NADH. It has been reported that the activity of 
pig heart pyruvate dehydrogenase is inhibited by acetyl CoA and NADH, 
and that these inhibitions are reversed by CoASH and NAD+, respectively 
(Garland, 1964; Garland and Randle, 1964). However, the results of the 
experiments with 2-bromostearate, which inhibits palmitoyl carnitine 
transferase and prevents the passage of fatty acyl CoA across the inner 
mitochondrial membrane (Tubbs and Chase, 1972), have shown that pyruvate 
oxidation is not increased when endogenous triglyceride oxidation is 
inhibited in the spleen. This finding argues against the idea that 
fatty acid oxidation is a major factor controlling pyruvate dehydrogenase 
activity in the spleen cells. This could still be the case, however, 
if a significant proportion of the residual respiratory activity in the 
presence of 2-bromostearate is due to the oxidation of fatty acids 
activated by the GTP- or ATP-requiring step located within the 
mitochondrial matrix that by-passes carnitine mediated transport 
(Greville and Tubbs, 1968; Rossi et al, 1972).
Measurement of the ammonia produced in these experiments (Table 
VII.2) showed that its net accumulation was slightly stimulated in the 
presence of 2-bromostearate alone. Under these conditions amino acid 
oxidation was calculated to account for 87% of the residual oxygen 
consumption. The addition of glucose (3 mM) inhibited ammonia production 
significantly. However, the inhibition by glucose was significantly 
less in the presence of 2-bromostearate, since, under these conditions, 
the extremely reduced state of the cytoplasmic pyridine nucleotide ratio 
caused a dramatic fall in the steady-state level of pyruvate which
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Ammonia values were measured in the experiments described in Tables VI.4 and VI.5. 
Ammonia production during the 
final 60 min. of incubation was calculated by subtraction of the ammonia produced in slices during the preincubation 
period from the total ammonia production after 100 min. of incubation. 
The percentage contribution of amino acids to the
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effectively suppressed glucose oxidation (see Table VI.4). Addition of 
high pyruvate concentration (9 mM), on the other hand, inhibited ammonia 
production much more strongly than added glucose (Table VI 1.2) and relief 
of this inhibition by 2-bromostearate was also reduced. The contribution 
of amino acid oxidation to the oxygen consumption in the presence of 
2-bromostearate was diminished by pyruvate to only 23.6%. In this tissue 
most of the amino acid carbon that is oxidised presumably enters the 
tricarboxylic acid cycle as 2-oxoglutarate through the oxidative 
deamination of glutamate (see Fig. V.4). If the steady-state level of 
glutamate does not change, and if there are only minor perturbations in the 
intramitochondrial [NAD+]/ [NADH] ratio, ammonia can only accumulate if 
there is increased removal of 2-oxoglutarate by another reaction such as 
that catalyzing its oxidation to succinyl CoA. In the presence of 
2-bromostearate (i.e. no fatty acid oxidation) and in the absence of 
added substrate the complete oxidation of 2-oxoglutarate by the 
tricarboxylic acid cycle is probably limited by the availability of 
acetyl CoA, unless spleen possesses the enzymes necessary for the net 
conversion of oxaloacetate to phosphoenol pyruvate and/or pyruvate. The 
lowered respiratory quotients found (see Tables VI.4 and VI.5) under these 
conditions suggest strongly that 2-oxoglutarate oxidation does not proceed 
beyond the formation of oxaloacetate. Malate or aspartate probably 
accumulate. This effect on the respiratory quotient is also seen with 
glucose present, presumably because here the low steady-state level of 
pyruvate produces very little acetyl CoA. In contrast, the addition of 
pyruvate at high concentration (9 mM) restores the respiratory quotient 
to a normal value (see Table VI.5). It should be noted that the effect on 
the R.Q. was not seen in slices from starved animals. This may mean that
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inhibition of carnitine-mediated fatty acid oxidation by 2-bromostearate 
can be more efficiently by-passed in this dietary state due to increased 
intramitochondrial ATP- or GTP-dependant fatty acid activation, thus 
maintaining a limited provision of acetyl CoA.
In a number of tissue homogenates and mitochondrial preparations 
including rat liver, kidney, brain and heart, 2-oxoglutarate and pyruvate 
have been shown to compete with each other as oxidative substrates 
(Haslam and Krebs, 1963b; Haslam, 1966; HUlsmann, 1964). The conclusions 
drawn from both homogenate and mitochondrial incubations indicate that 
at equivalent concentrations 2-oxoglutarate is oxidised in preference 
to pyruvate in liver and kidney preparations, while pyruvate is the 
preferred fuel in heart and brain. It is proposed here that a similar 
type of competition between 2-oxoglutarate and pyruvate oxidation might 
occur in spleen slices. When slices pre-treated with 2-bromostearate 
are incubated, mitochondrial oxidation of 2-oxoglutarate is increased 
because, in the absence of fatty acid oxidation, amino acids are the 
main alternative source of endogenous respiratory fuel. Although the 
inhibitory effects of fatty acid oxidation on pyruvate dehydrogenase 
may have been removed under these conditions, added pyruvate (or glucose) 
does not become the major respiratory fuel because now there is 
competition between 2-oxoglutarate and pyruvate.
Haslam (1966) has suggested that, in the rat liver, the pyruvate 
dehydrogenase and 2-oxoglutarate dehydrogenase complexes compete for 
mitochondrial free NAD , while other cofactors common to both enzymes 
(CoASH, thiamine pyrophosphate and FAD) are not rate-limiting in the 
competition. Bremer (see Haslam, 1966) and Hülsmann (1964), on the 
other hand, have evidence that fatty acids, 2-oxoglutarate, pyruvate and
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acetoacetate all compete for mitochondrial free CoASH in rat liver and 
heart mitochondrial preparations.
A similar type of mechanism in spleen could account for the 
competitive relationship involved in the oxidation of pyruvate 
dehydrogenase-dependant substrates (glucose, lactate and pyruvate), 
amino acids, acetoacetate and fatty acids. According to this hypothesis 
the suppression of ammonia production (50%) by glucose and lactate, and 
even more extensively by high concentrations of pyruvate (Table VII.2), 
may be explained by the raised levels of intracellular pyruvate competing 
with 2-oxoglutarate for mitochondrial free CoASH. 2-oxoglutarate 
oxidation is now reduced and its accumulation, together with that of 
ammonia, is prevented by the equilibrium position of the glutamate 
dehydrogenase reaction, which moves towards glutamate formation and 
prevents further amino acid deamination through this reaction.
Acetoacetate (4 mM) suppressed the oxidation of endogenous substrates 
by approximately 50% (Table VI.6). Inhibition of amino acid oxidation 
was responsible for the major part of this suppression (Table VII.3) 
which can again be rationalized in terms of a competition between 
2-oxoglutarate dehydrogenase and the succinyl CoA: 3-oxo acid-CoA
transferase-thiolase enzyme system for mitochondrial free CoASH.
Inhibition of fatty acid oxidation by acetoacetate accounted for the 
remaining suppression (20%) of endogenous substrate oxidation (Table 
VI1.3). This may also be explained on the basis of a competition for 
mitochondrial free CoASH between the succinyl-CoA: 3-oxo acid-CoA
transferase-thiolase system and the acyl-CoA synthetase and 
intramitochondrial palmityl-carnitine transferase reactions involved in 
the initial stages of fatty acid oxidation. The almost total inhibition
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of glucose oxidation by acetoacetate is again caused by severe depletion 
of mitochondrial free CoASH during the conversion of acetoacetate to 
acetyl CoA.
It seems likely, therefore, that the limited oxidation of glucose, 
lactate or pyruvate at the level of pyruvate dehydrogenase is controlled 
by the continuing oxidation of fatty acid derived from endogenous 
triglyceride due to competition for mitochondrial free CoASH. However, 
when this competition for CoASH is removed by the inhibition of fatty 
acid oxidation with 2-bromostearate, amino acid becomes the dominant 
respiratory fuel and increased glucose or pyruvate oxidation, unless very 
high concentrations are supplied, is prevented by the competition between 
2-oxoglutarate dehydrogenase and pyruvate dehydrogenase for free CoASH. 
Alternatively, the limitation may still be explained by a low overall 
activity of pyruvate dehydrogenase in this tissue which cannot increase 
in activity beyond its Vmax, even if the various competitive constraints 
(i.e. oxidation of fatty acid and 2-oxoglutarate) are removed.
The Relationship Of In Vitro Fuels To Those In Vivo
One of the most notable features of the spleen slice is its constant 
rate of respiration which, in contrast to the kidney cortex slice 
(Wiedemann and Krebs, 1969), is unaltered by the addition of exogenous 
substrates. Fatty acids derived from endogenous triglyceride evidently 
provide the majority of the respiratory fuel in vitro in slices from the 
starved and well-fed animal (Table VII.3), while amino acids, together 
with any exogenous substrates, account for the remainder (Table VII.3).
In this way a constant value for the respiratory rate appears to be 
always maintained.
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How does this situation in vitro compare with the situation 
expected in vivo? It is extremely unlikely that the hydrolysis and 
oxidation of protein is a normal oxidative process in vivo. The 
proteolysis observed during incubation of the slice is probably caused 
by the release of proteases from lysosomal particles which are known 
in spleen to be very sensitive to mechanical injury such as during the 
slicing, washing and incubation procedures (Bowers et at, 1967). In 
order to ’safeguard' against unwanted oxidation of protein the K^’s of 
many tissue amino transferases are very high (Krebs, 1972), so that 
protein oxidation is restricted to situations where the blood levels of 
amino acid are abnormally elevated, e.g. immediately after the consumption 
of a high protein meal. values for the amino transferases of the 
spleen do not appear to be available in the literature but it is probable 
that they too are high. If this is the case, and endogenous protein 
breakdown is absent, amino acid oxidation will be regulated by the 
availability of physiological levels of serum amino acids, which are 
normally below 1 mM (Krebs, 1972). In this sense the spleen is unlikely 
to be markedly different from other rat tissues.
The spleen is an extremely vascular organ that is constantly supplied 
with circulating exogenous fuels. In the well-fed animal the serum 
contains a number of potential respiratory fuels, such as glucose (6.1 
mM), lactate (0.8 - 1.9 mM), free fatty acids (albumin bound) (0.15 mM) 
and ketone bodies (0.14 mM).
It has been shown in vitro that physiological levels of glucose 
contribute about 30% to the respiratory fuel of the spleen slice, but 
when lactate is added this value is reduced competitively so that the 
combined contributions of glucose plus lactate add up to a maximum value 
equivalent to that found for each substrate separately. In vivo, the
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individual contributions of glucose and lactate are probably dependent 
on their respective serum concentrations but would be expected to 
maintain a maximal contribution of about 30% to which both substrates 
contribute.
Acetoacetate (4 mM) almost totally suppresses the oxidation of 
glucose to CO^ in vitro and would presumably also inhibit the oxidation 
of any other substrate, such as lactate, that enters the tricarboxylic acid 
cycle via pyruvate dehydrogenase because of competition for mitochondrial 
free CoASH. Normal serum levels of ketone bodies in the well-fed rat 
are low (0*14 mM, Williamson and Hems, 1970) since the rate of ketogenesis 
by the liver is small (Fritz, 1961; Campbell and Best, 1956). Wick and 
Drury (1941) have shown that the utilization of ketone bodies in rabbits 
is proportional to their serum concentrations and that the half-maximal 
rate of DL-ß-hydroxybutyrate utilization is reached at a blood 
concentration of about 5 mM. The oxidation of acetoacetate by the 
perfused rat heart and kidney cortex slice has also been shown to be 
concentration dependent (Williamson and Krebs, 1961; Weidemann and Krebs, 
1969) and, at normal serum levels, makes only a small contribution to the 
oxygen consumption (10 - 15%) . This is probably also the case in the 
spleen from the well-fed rat. In consequence, the suppression of glucose 
or lactate oxidation by acetoacetate would be negligible. However, 
during periods of starvation and in the diabetic animal, serum ketone 
body levels rise significantly. Williamson and Hems (1970) report 
values of 2.2 mM for total serum ketone bodies in the 24 hour starved 
rat and the evidence for the serum rise is now overwhelmingly in favour 
of hepatic over production rather than extrahepatic underutilization 
(Fritz, 1961; Campbell and Best, 1956). Under these conditions ketone 
bodies probably become equal to endogenous triglyceride as the major
142
source of respiratory fuel in the spleen.
14When 2 mM [U- C] stearic acid attached to bovine-serum-albumin
was supplied to spleen slices as a substrate it was surprising to find
that only a small proportion of the respiratory CO^ was radioactively
labelled (2.8 %) at the end of 60 min. incubation. Clearly, if stearate
was taken up by the tissue (which was not measured in this experiment),
the majority of the fatty acid must have been incorporated into
endogenous lipid, since it was neither oxidised to CO^ nor converted into
ketone bodies. This is in direct contrast to the findings of Volk et al
(1952) who estimated long chain fatty acid oxidation in rat tissues
14(including spleen) prelabelled with [ C] palmitate injected into the 
animals intravenously at suitable periods before slaughter. They concluded 
from this study that sliced spleen was not only able to oxidise palmitic 
acid directly, but that the respired CO^ was all derived from added 
fatty acid and endogenous lipid when no other substrate was added.
It has been demonstrated by Weidemann and Krebs (1969) that a 
significant proportion of radioactively labelled oleate taken up by rat 
kidney cortex slices is incorporated directly into the endogenous neutral 
lipid pool. However, due to the rapid turnover of this pool, and the 
presence of a cell population in the slice capable of oxidizing oleate 
directly, approximately 30% of the CO^ is radioactively labelled after 
a 60 min. incubation.
The half-life of the neutral triglyceride pool in spleen slices
can be calculated to be approximately 2V 2 - 3 hours. Therefore a
longer period of incubation (more than 1 hr) is probably needed before
14an appreciable quantity of [U- C] stearate can traverse the endogenous 
lipid pool and be oxidised. Alternatively stearate may be incorporated
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l e s s  r a p i d l y  i n t o  endogenous t r i g l y c e r i d e  than  o le a te  o r  pfcam itate and 
may n o t  r e f l e c t  th e  t r u e  tu rn o v e r  r a t e  o f  the  n e u t r a l  l i p i d  p o o l .  
In c u b a t io n  w ith  2 mM s t e a r a t e  d id  su p p re ss  th e  o x id a t io n  o f  amino a c id ,  
as in d i c a t e d  by th e  i n h i b i t i o n  o f  ammonia p ro d u c t io n  (Table V I I . 3) so 
t h a t ,  in  th e  absence o f  an a l t e r n a t i v e  s u b s t r a t e ,  o x id a t io n  o f  endogenous 
t r i g l y c e r i d e  must have been c o r re s p o n d in g ly  in c re a s e d  (43% -> 69.4%). I t  
t h e r e f o r e  seems u n l i k e l y  t h a t  serum f r e e  f a t t y  a c id s  p ro v id e  r e s p i r a t o r y  
fu e l  in  a d i r e c t  sense  b u t  r a t h e r  se rv e  to  m a in ta in  th e  l e v e l  o f  
endogenous poo ls  o f  t r i g l y c e r i d e  which appear  to  be th e  m ajor r e s p i r a t o r y  
fu e l  o f  t h i s  t i s s u e .  This would have th e  advan tage  o f  ’b u f f e r i n g '  th e  
t i s s u e  a g a i n s t  sudden changes in  c i r c u l a t i n g  s u b s t r a t e  l e v e l s  by p ro v id in g  
a c c ess  to  a l a rg e  r e s e r v o i r  o f  c o n t in u o u s ly  a v a i l a b l e  endogenous 
s u b s t r a t e  and red u c in g  i t s  dependency on p a r t i c u l a r  c i r c u l a t i n g  f u e l s .
SECTION III
REGULATION OF CARBOHYDRATE METABOLISM IN VIVO
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INTRODUCTION
Observations in the previous section (Section II) have shown that 
the uptake of glucose by spleen slices is apparently unaffected by a 
variety of factors known to stimulate glucose uptake in many other 
tissues (e.g. anaerobiosis, prior starvation and competition with 
alternative oxidative substrates such as fatty acids, ketone bodies, 
lactate and pyruvate). Although, under these same conditions the 
relative proportion of glucose carbon converted to lactate or oxidised 
further to carbon dioxide is influenced by the presence of alternative 
oxidative fuels, even under the most favourable circumstances no more 
than 30% of the glucose consumed is oxidised to CO^• It is apparent 
that the complete oxidation of glucose carbon in this tissue is restricted 
by the limited entry of pyruvate carbon into the tricarboxylic acid 
cycle.
In this section an attempt is made to investigate the possible 
regulatory sites involved in the uptake and utilization of glucose on 
the one hand and, on the other, to provide some concrete evidence for 
the idea that pyruvate oxidation to acetyl CoA may be a rate-limiting 
step in this tissue.
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METHODOLOGY
Analytical Methods (Those not described in the Methodology of Section
II)
Spectrophotometric estimations
Citrate was determined by the method of Gruber and Moellering 
(1966); L(-) Malate by the method of Hohorst (1965a); inorganic
phosphate by the method of Ames (1966) and a-glycerophosphate by the 
method of Hohorst (1965d).
Fluorometric estimations
Acetyl CoA and free CoASH were measured by the kinetic method of 
Allred and Guy (1969); oxaloacetate by the method of Hohorst and Reim 
(1965); glucose-6-phosphate and fructose-6-phosphate jointly by the 
method of Hohorst (1965b); triose phosphates (glyceraldehyde-3-phosphate 
and dihydroxyacetone phosphate) and fructose-1, 6-diphosphate jointly by 
the method of Bücher and Hohorst (1965); 3-phosphoglycerate, 
2-phosphoglycerate and phosphoenol pyruvate jointly by the method of 
Czok and Eckert (1965).
Spleen Mitochondrial Content 
Preparation of mitochondria
A known weight of fresh rat spleen was minced with scissors on ice 
and homogenised (6 strokes) with 4 vols. of ice-cold KCl (0.18M), EGTA 
(5 mM) buffered to pH 7 - 7.2 with Tris base. The homogenate was 
transferred quantitatively into 15 ml Corex tubes and centrifuged at 
600 x g at 2°C for 10 min. The supernatant was strained through several 
layers of cheese-cloth into a beaker on ice and the filtrate centrifuged 
for 15 min. at 8,500 x g at 2°C. The supernatant was discarded and the 
mitochondrial pellet washed twice in the same medium. The mitochondrial
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pellet was resuspended in potassium phosphate buffer (50 mM) pH 7.4 and 
stored on ice until required for the cytochrome oxidase assay and protein 
determination.
Protein determination
Mitochondrial protein was determined using the Biuret method, as 
described by Layne (1957).
Total Tissue Content of Mitochondria
This was estimated by assaying cytochrome c oxidase as a ’marker' 
enzyme (Baudhin et at, 1964). Cytochrome c oxidase is known to be 
located exclusively in the mitochondrial fraction. A comparison of 
cytochrome c oxidase activity in a whole spleen homogenate with that 
found in the mitochondrial fraction enabled the percentage yield of 
mitochondria to be determined. Since the protein content of the 
mitochondrial fraction is known, the total content of mitochondria as 
mg protein/g of spleen may be calculated.
Cytochrome c oxidase assay
Cytochrome c oxidase was assayed by the spectrophotometric method 
of Smith (1955). To each of two 1 cm light-path glass cuvettes was 
added: 0.3 ml 10 mM potassium phosphate buffer, pH 7.0, 0.2 ml reduced
1% cytochrome c and 2.5 ml H^O. The blank cuvette was oxidised with 
10 yl potassium ferricyanide (0.1M). After temperature equilibration, 
at 25°C, the reaction was started by addition of suitable portions of 
enzyme (mitochondria or homogenate) and the decrease in optical density 
at 550 my recorded on a Beckman recorder. The activity was calculated 
as the first order velocity constant.
A (timeQ)
A (time„ . . )0+1 m m J
min-1k = 2.3 log
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where A = the optical density at time^, i.e. immediately after addition 
of enzyme and time^+  ^  ^ , one minute after enzyme addition.
Results
Mitochondrial protein = 14.8 mg/ml.
Mitochondrial cytochrome c oxidase activity per g.f.wt. of spleen
= 5.43 min *.
Mitochondrial cytochrome c oxidase activity per 0.5 ml of mitochondrial 
suspension = 5.47 min ^.
Cytochrome c oxidase activity/g.f.wt. of spleen from tissue homogenate
= 14.2 min
.'. The mitochondrial content of spleen = 19.2 mg protein/g fresh wt.
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CHAPTER VIII
IDENTIFICATION OF REGULATORY SITES OF GLYCOLYSIS 
IN THE RAT SPLEEN
Introduction
A systematic investigation of the rate-limiting steps associated 
with glucose uptake and its subsequent conversion to pyruvate is 
described in this chapter. The principles underlying the approach 
used have been discussed by several authors (Newsholme and Gevers,
1967; Rolleston, 1972; Newsholme, 1970) and may be formulated as 
follows:
1. The enzymes which play a key role in regulating metabolic flux 
through a pathway are identified by specific criteria;
2. The properties of the regulatory enzymes are investigated in detail;
3. A theory of metabolic control is proposed on the basis of these 
properties;
4. The theory, or predictions which arise from the theory, are tested 
and the theory is modified or expanded accordingly.
In this thesis no serious attempt has been made to do more than 
identify the regulatory enzymes of the glycolytic pathway in the rat 
spleen.
Identification of regulatory enzymes
The activity of a regulatory enzyme is controlled by factors other 
than substrate availability, and its activity, in turn, controls the 
overall rate of flux or concentrations of intermediates in the 
metabolic pathway. Although a large number of criteria have been
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employed, for identifying regulatory enzymes, only four are considered 
here.
(a) Teleological inspection
This simple approach requires no experimentation but is based 
purely on an inspection of the pathway(s) under consideration in relation 
to its particular functional role in a given tissue. The simplest 
theoretical approach is that control should occur early in the pathway, 
possibly at the first unique step, and shortly after branch points, so 
that long stretches of uncontrolled metabolism may be avoided. This 
method is discussed along with the other identification procedures given 
in this chapter, and is not considered as a separate entity.
(b) Maximal enzyme activities in vitro
Enzymes with regulatory capability might be expected to have 
significantly lower catalytic capacity than the non-regulatory enzymes 
in the same metabolic sequence. The low-activity enzymes are potential 
bottle-necks in the pathway where substrates can accumulate and are more 
likely, therefore, to catalyse 'non-equilibrium' reactions. One of the 
most direct methods of investigating metabolic control is to measure 
the maximal catalytic capacity of each enzyme unique to the pathway. A 
major drawback to this approach is that the measurements are necessarily 
made on tissue extracts in vitro where the effects of tissue disruption, 
extraction and dilution of the enzyme (and its activity) under artificial 
conditions cannot be fully evaluated or controlled. However, most 
non-regulatory enzymes, which normally operate at rates well below their 
maximal catalytic capacity, are usually ten- to a hundred-fold more 
active than their regulatory counterparts (Krebs, 1963). It is unlikely, 
but not impossible, that the loss of activity during the extraction and
assay procedures would be so extensive that it made differentiation 
between high and low activity enzymes completely unreliable.
(c) Identification of 'non-equilibrium* reactions
It has been proposed by Krebs (1946) and later by Rolleston (1966) 
and Newsholme (1970) that enzymes catalysing reversible equilibrium 
reactions are not able to exert significant control over the flux 
through a metabolic pathway.
Whilst its activity is high the rates of the forward and back
reactions of an equilibrium enzyme are equal, and an increase in activity
will not change this situation. If, however, the activity is lowered
sufficiently for the reaction to become rate-limiting, substrate will 
accumulate and the reaction will become ’non-equilibrium*. Control can 
be achieved at ’equilibrium’ steps without alteration in the enzyme 
activity, but this is control of the 'open loop' type that involves 
only equilibrium adjustment in the concentrations of reactants, products 
and cofactors of the reaction itself. In this way changes in 
concentrations of pathway intermediates brought about in response to 
alterations of cofactor levels, can occur at equilibrium reactions, with 
possible repercussions in the overall flux rate, but there is no way 
of relating such changes to the rate of pathway product formation (i.e. 
'closing the loop') unless this is reflected directly or indirectly in 
the cofactor changes themselves (Krebs, 1969; Newsholme, 1970).
'Non-equilibrium' reactions proceding with large changes in free 
energy are virtually irreversible and may permit specific regulation 
by adjustment of enzyme activity in response to changes in concentrations 
of metabolites that are not themselves direct participants, 
thermodynamically, in the reaction. In this way control of the metabolic
151
pathway may be effected by end-products of the pathway or other 
’regulatory' metabolites. This type of control may be referred to as 
'closed loop control' (Newsholme, 1970). 'Non-equilibrium' reactions 
may be identified by determining the steady-state concentrations of 
reactants and products in the intact tissue. Mass-action ratios (T) 
are subsequently calculated and comparison of the apparent equilibrium 
constant (K') of the reaction with the mass-action ratio then indicates 
whether the enzyme is catalysing an equilibrium or 'non-equilibrium' 
reaction.
(d) Use of altered flux rates in the positive identification of
regulatory enzymes
A regulatory enzyme may be further defined as one whose kinetic 
properties are controlled by factors other than the concentrations of 
its substrates and which is capable of exerting significant control 
over the rate of flux through the whole pathway (Newsholme and Gevers, 
1967; Rolleston and Newsholme, 1967b). It is necessary that all 
regulatory enzymes defined in this manner be 'non-equilibrium'; however, 
not all 'non-equilibrium' enzymes are necessarily regulatory.
Use of a general principle suggested by Krebs (1957) can provide 
unequivocal evidence that a particular 'non-equilibrium' enzyme is 
regulatory. If the concentration of substrate of a 'non-equilibrium' 
enzyme changes in the opposite direction to a change in the rate of flux 
through the pathway, then that enzyme must be considered as regulatory 
for the whole pathway under the conditions that brought about the flux 
change. However, the identification of regulatory enzymes can only be 
positive. If the required changes are not observed this does not 
constitute evidence that the enzyme is non-regulatory. When these
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principles are closely adhered to, changes in the concentration of 
product are not used to prove whether an enzyme is regulatory, since the 
product concentration also depends on the activity of the next enzyme 
in the pathway.
This experimental approach has one very important advantage over 
the other methods in that it is equivalent to performing assays of 
enzyme activity in the intact cell, with the cell in its functional 
state. There is also a major problem associated with this technique.
The levels of metabolic intermediates measured in the whole tissue does 
not necessarily indicate the concentration of a particular intermediate 
in the immediate environment of the enzyme in the intact cell.
This is particularly important when considering enzymes that are 
located in organelles whose membranes are not freely permeable to the 
reactants and products of the enzyme. A classical example of this problem 
is encountered in chapter IX where the mitochondrial concentrations of 
the participants in the pyruvate dehydrogenase reaction are considered. 
However, in the present investigation of the reactions of glycolysis the 
enzymes concerned, and many of the pathway intermediates, are thought 
to be essentially cytosolic while the remaining intermediates are evenly 
distributed throughout the cell. Measurement of these intermediates 
from perchloric acid extracts of the freeze-clamped whole organ, as 
described in the Methodology to Section II, should then provide reasonably 
valid estimates of their cytoplasmic concentrations.
In the spleen, glycolytic flux changes were achieved when the organ 
was made ischaemic for varying periods of time by snipping the blood 
supply and incubating the excised organ in a moist atmosphere at 38°.
In this way the glycolytic flux was increased during the anoxic period
153
and the levels of intermediates were measured by freeze-clamping the 
intact organ at suitable times after the onset of ischaemia.
Results
Maximal Enzyme Activities In Vitro
In terms of maximal velocities, the least active enzyme found in 
the 40,000 x g supernatant of the rat spleen was hexokinase (see Table 
VIII.1), while phosphofructokinase and aldolase were only marginally 
more active. However, on the assumption that the Q^qo for hexokinase 
is approximately 2, its activity is about 10 times greater than the 
maximal rate of glucose utilization observed in incubated slices (54.6 
y moles glucose utilized/hr/g dry wt. under anaerobic conditions, see 
Table IV.4). From these studies in vitro, no enzyme of this series 
appears to be rate-limiting with respect to its maximum possible velocity. 
However, enzymes of regulatory importance are those with significantly 
lower activities than other enzymes in the same metabolic pathway under 
the conditions prevailing in vivo. Hexokinase, phosphofructokinase 
(PFK), aldolase and glucose-6-phosphate dehydrogenase are low activity 
enzymes, all of which, except glucose-6-phosphate dehydrogenase are 
later shown to catalyse ’non-equilibrium’ reactions in the freeze-clamped 
tissue. These enzymes are therefore considered potentially regulatory.
In addition, hexokinase, PFK and glucose-6-phosphate dehydrogenase are 
situated in a teleologically advantageous position for regulation. In 
contrast, pyruvate kinase, which is also shown to catalyse a ’non- 
equilibrium’ reaction, has a rather high activity in the spleen. With the 
exception of triose-phosphate isomerase, lactate dehydrogenase has the 
highest activity of all the enzymes assayed and this fact may help to 
explain the high rate of aerobic lactate production found in lymphoid tissue
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Table VIll.l Maximal activities of the glycolytic enzymes in the 
rat spleen.
Enzyme activities are expressed as y moles/min/g fresh spleen wt. 
at 25°. The number of determinations are given in parentheses. The 
data are taken from P.E. Hickman, unpublished work, 1972.
Enzyme K„ (uM) Activity
Hexokinase <20 0.8 + 0.1 (6)
Phosphoglucose- 105 (back) 31.5 + 1.3 (5)
isomerase 
Cback)
Phosphofructokinase 45 (ATP)
130 (F6P - SQ _5 )
1.6 + 0.1 (8)
Aldolase 15 1.6 + 0.2 (6)
Triose-phosphate 
isomerase
- 183 + 6 (3)
Glyceraldehyde-3- - 15.8 (14.0, 17.6) (2)
phosphate dehydrogenase
Phosphoglycerate
kinase
110 (back) 64.9 + 2.8 (5)
(back)
Phosphoglycerate 215 39.3 + 1.9 (5)
mutase
Enolase 100 13.1 + 0.8 (6)
Pyruvate kinase 30 (PEP) 45.8 + 0.8 (7)
Lactate dehydrogenase 125 89.5 + 2.7 (7)
Glucose-6-phosphate 40 6.8 + 0.6 (6)
dehydrogenase
Fructose-3, 6-diphosphatase (5)
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(see  C hap te rs  I and IV ) .
I t  i s  o f  i n t e r e s t  to  n o te  t h a t  in  b r a in  where, in  c o n t r a s t  to  
s p le e n ,  g lucose  i s  th e  major  o x id a t iv e  f u e l  ( F r i t z ,  1961), l a c t a t e  
dehydrogenase  a c t i v i t y  i s  n o t  th e  h ig h e s t  o f  th e  g l y c o l y t i c  enzymes 
(Lowry and Passoneau, 1964), so t h a t  th e  c o m p e ti t io n  between l a c t a t e  
dehydrogenase  and p y ru v a te  dehydrogenase f o r  p y ru v a te  i s  more in c l in e d  
to  fav o u r  p y ru v a te  o x id a t io n .  In  l i v e r ,  however, l a c t a t e  dehydrogenase 
a c t i v i t y  i s  ex trem ely  h igh  (162 y m oles/m in /g  f r e s h  l i v e r ;  Shonk and 
Boxer, 1964). This  may be r e l a t e d  to  th e  g luconeogen ic  fu n c t io n  o f  the  
l i v e r  which i s  r e q u i r e d  to  c o n v e r t  la rg e  q u a n t i t i e s  o f  l a c t a t e  ( e x p e l le d  
from o th e r  t i s s u e s  i n t o  th e  b lood) in t o  p y ru v a te  f o r  r e s y n th e s i s  to  
g lu c o s e .
Isoenzymes o f  l a c t a t e  dehydrogenase have a l s o  been examined in  the  
s p le e n  (P .E . Hickman, u n p u b lish e d  work, 1972) by means o f  th e  p y ru v a te  
i n h i b i t i o n  t e s t  (Wilson e t  a t ,  1963). There a r e  two forms o f  l a c t a t e  
dehydrogenase and in  th e  co n v e rs io n  o f  p y ru v a te  to  l a c t a t e  th e  H form 
o f  th e  enzyme i s  s t r o n g ly  i n h i b i t e d  by low c o n c e n t r a t io n s  o f  p y ru v a te
(0 .1  - 0 .3  mM). In  c o n t r a s t ,  th e  M form i s  i n h i b i t e d  o n ly  a t  h ig h ,
ldhm
u n p h y s io lo g ic a l  l e v e l s  o f  p y ru v a te  (10 mM). The v a lu e  T—u , which i s
ldhh
th e  r a t i o  o f  the  l a c t a t e  dehydrogenase a c t i v i t y  a t  0 .33  mM pyru v a te  to  
th e  a c t i v i t y  a t  10 mM p y ru v a te ,  g iv es  in fo rm a tio n  on th e  r a t i o  o f  H and 
M forms o f  th e  enzyme. I t  i s  n o t  s u r p r i s i n g ,  in  view o f  th e  h igh  ae ro b ic  
l a c t a t e  p ro d u c t io n ,  t h a t  th e  v a lu e  f o r  s p le e n  ( 1 .2 ) ,  im p l ie s  t h a t  
ap p ro x im a te ly  65% i s  M enzyme and 35% i s  H enzyme. This i s  in  d i r e c t  
c o n t r a s t  to  h e a r t  where th e  m a jo r i t y  o f  th e  enzyme i s  o f  th e  H form 
a l lo w in g  com plete o x id a t io n  o f  g lu co se  v i a  th e  t r i c a r b o x y l i c  a c id  c y c le .
The isoenzyme p a t t e r n s  o f  l a c t a t e  dehydrogenase , t h e r e f o r e ,  he lp  to  e x p la in
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the high rate of aerobic glycolysis observed in the spleen.
The almost total absence of fructose-1, 6-diphosphatase activity 
(see Table VIII.1) in spleen is evidence that gluconeogenesis is 
unimportant in this tissue, and it also supports the experimental 
finding that only very low levels of glucose are found after incubation 
of slices with lactate or pyruvate.
Identification Of ’Non-Equilibrium* Reactions
The mass-action ratios for each of the glycolytic steps have been 
calculated from the concentrations of intermediates in the freeze-clamped 
spleen (expressed as y moles/ml of intracellular water, given in Table 
VIII.2).
The intracellular concentrations were obtained by correcting the
concentrations in the total tissue fluid (extracellular plus intracellular
water) for the concentrations in the extracellular fluid. These values
14were calculated using [ C] inulin to measure the volume of extracellular 
water and plasma intermediate levels to estimate the extracellular 
intermediate concentrations (G. Keig, unpublished work, 1973). The 
phosphorylated intermediates, including the adenine nucleotides, were 
located almost entirely in the intracellular space, while lactate and 
pyruvate were more evenly distributed. Significant quantities of 
intracellular glucose were found.
Comparison of mass-action ratios with their apparent equilibrium 
constants is given in Table VII1.3 and, for ease of identification of 
the ’non-equilibrium' reactions, the ratio r/K' is also presented.
The significance of the ratio r/K' is as follows:
r / K ' = l, reaction at equilibrium.
r/K' > l, reaction in favour of products.
r/K' < l, reaction in favour of reactants
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Tab 1e VI11.2 The in vivo concentrations of glycolytic intermediates
found in the spleen of the well-fed rat.
The intermediates were assayed in extracts prepared from the
freeze-clamped tissues as described in the text. The concentrations
are expressed as n moles/ml intracellular 
means + S.E.M. of at least 10 values.
water. All results are the
Intermediates Concentration
Glucose (extracellular) 6671 + 458
Glucose (intracellular) 1230 + 111
Glucose-6-phosphate 160 + 6
Fructose-6-phosphate 45 + 1.8
Fructose-1, 6-diphosphate 23.8 + 1.4
Triose-phosphates 55 + 4
3-phosphoglycerate 64 + 14
2-phosphoglycerate 9.7 + 0.4
Phosphoenol pyruvate 22.5 + 0.6
Pyruvate 81 + 6
Lactate 854 + 180
ATP 4347 + 181
ADP 1181 + 37
AMP 149 + 13
Pi 3895 + 103
n h/4 896 + 77
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The reactions catalysed by phosphoglucose isomerase, phosphoglycerate 
mutase, enolase and adenylate kinase were all close to equilibrium 
(Table VIII. 3 , while those catalysed by hexokinase, phosphofructokinase 
and pyruvate kinase were far from equilibrium.
Estimation of the mass-action ratio of extracellular to intracellular 
glucose concentrations (0.184) shows that, although significant quantities 
of intracellular glucose can be detected the majority of glucose in the 
freeze-clamped spleen is located outside the cell. The uptake of 
glucose across the cell membrane is assumed to be catalysed by an energy- 
independent process known as ’facilitated diffusion' or 'non-active 
transport' (Park et at, 1968). It is therefore considered to be a freely 
reversible reaction that tends, when its activity is high enough, to 
simply equilibrate the glucose concentration across the cell membrane.
At equilibrium the apparent equilibrium constant (K') must be equal to 1. 
The r/K' ratio of 0.184 is therefore in the intermediate range (0.05 - 
0.2) that Rolleston (1972) considers separates 'non-equilibrium' from 
'equilibrium' reactions. Under these conditions glucose transport 
clearly catalyses an 'equilibrium' reaction when compared to hexokinase, 
phosphofructokinase and pyruvate kinase. However, under conditions 
where hexokinase is regulatory and glycolytic flux increases in the 
pathway intracellular glucose levels would fall in the absence of 
increased activity of the carrier. Thus glucose transport may become a 
'non-equilibrium' step.
Mass-action ratios for the remaining reactions of glycolysis cannot 
be calculated directly from the intermediate levels given in Table VIII.2 
For example 1, 3 diphosphoglycerate levels were too low to be measured 
in spleen, while the ratio [NADH]/[NAD+] was calculated from lactate
160
and pyruvate concentrations on the assumption that the reaction 
catalysed by lactate dehydrogenase is at equilibrium. Dihydroxy-acetone 
phosphate and glyceraldehyde-3-phosphate were measured together in the 
tissue as triose-phosphates. On the assumption that their interconvention, 
catalysed by the triose-phosphate isomerase reaction, is at equilibrium 
(Lowry and Passoneau, 1964) the concentrations of the individual triose- 
phosphates may be calculated. These two assumptions allow calculation 
of the mass-action ratios for the aldolase reaction and for the combined 
reactions catalysed by glyceraldehyde-3-phosphate dehydrogenase and 
phosphoglycerate kinase.
The r / K ’ ratio for the combination of reactions catalysed by 
glyceraldehyde-3-phosphate dehydrogenase and phosphoglycerate kinase 
indicates that the system is an ’equilibrium* reaction, whereas the r / K ’ 
ratio for the aldolase reaction suggests a ’non-equilibrium’ system in 
favour of the reactant, fructose-1, 6-diphosphate.
The Effect Of Ischaemia On The Content Of Metabolites In The Rat Spleen
In Vivo
Effect Of Ether Anaesthesia
When the spleen was freeze-clamped immediately after snipping the 
blood supply there was a significant difference in the levels of glycogen, 
glucose, lactate and adenine nucleotides in spleens from anaesthetised 
rats (diethyl ether) compared with those killed by cervical dislocation 
(Table VIII.4). The levels of glycogen and glucose were lower, while that 
of lactate was higher, in the anaesthetised animals, suggesting that 
diethyl ether increased the glycolytic flux in tissues of the animal, 
including the spleen.
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able VIII.4 
Concentrations of glycolytic and other intermediates in the spleen of well-fed rats before and during the onset of ischaemia
Fig. VIII.1 (A) In vivo levels of glucose, glycogen and lactate
during ischaemia. The data is plotted from the concentrations of 
glucose, glycogen and lactate given in Table VIII.4.
Fig. VIII.1 (B) In vivo levels of adenine nucleotides and the
energy charge during ischaemia. The data is plotted from values 
given in Table VIII.4.
In this figure and all subsequent figures the bars indicate the 
limits of the standard error (S.E.M.)
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decreased at nearly equal rates, equivalent to a potential yield of 
lactate, more than twice that actually observed. This 'lost' glycolytic 
carbon was most likely oxidised, since the oxygen content of the spleen, 
particularly in the red pulp regions, is likely to be extremely high on 
account of the large storage capacity available in the trapped 
erythrocytes. Between five and ten minutes after the onset of ischaemia 
it is inferred from the massive glycolytic stimulation observed that the 
oxygen supply became exhausted (see Brosnan et at, 1970). During the 
same interval glucose levels continued to decrease at the original rate. 
Glycogen, however, no longer decreased and the predicted rate of lactate 
production from glucose alone, if lactate were the only product (145 n 
moles/min/g fresh wt.) is only 24% of the rate observed.
During the final five min. period of ischaemia the situation was 
reversed. There was a massive breakdown of glycogen, (492 n moles of 
lactate equivalents/min/g fresh wt.), coupled with a disappearance of 
113 n moles of lactate equivalents from glucose, yet lactate production 
appeared to have almost ceased. The apparent lack of synchrony between 
the two events may be accounted for in the following way. The extremely 
large standard errors found for lactate production after 10 and 15 min. 
of ischaemia suggest that the onset of glycolytic stimulation may vary 
tremendously between individual spleens. It has been observed that the 
blood content of whole spleens is also extremely variable at the time of 
freeze-clamping the organ. It is reasonable to expect the oxygen content 
of the tissue to vary in relation to its blood content. Thus, individual 
spleens may become anaerobic at different rates, giving rise to considerable 
variation in the rate of production of lactate during the 5 - 1 5  min. 
period. More quantitative information on the relationship between
164
glucose and glycogen disappearance on the one hand, and lactate 
production on the other, could be gained by determining the levels of 
these metabolites in portions of individual spleens sampled separately 
during the onset of anaerobiosis.
Adenine nucleotide levels (See Fig. VIII.IB)
The total adenine nucleotide level in spleen decreased during the 
first five min. of ischaemia at about the same rate as in rat liver and 
kidney (Hems and Brosnan, 1970). The net interconversion of adenine 
nucleotides, however, leading to a net accumulation of AMP was a very 
much slower process in the spleen. The slow rate of ATP breakdown and 
small decrease in energy charge during this initial period is consistent 
with a large pool of available oxygen in the tissue. However, during 
the next five min. period of ischaemia, although the total adenine 
nucleotide level continued to decrease at a linear rate, the ATP 
concentration dropped dramatically and a concomitant rise in both ADP 
and AMP resulted in a sudden decrease in the energy charge. Although 
the individual concentrations of ATP, ADP and AMP changed markedly 
during the ischaemic period, comparison of the mass-action ratio with 
the apparent equilibrium constant of the adenylate kinase reaction 
( r / K f) indicates that equilibrium was maintained throughout the 
experimental period (Table VIII.3).
Glycolytic intermediate changes
(These are given in Table VIII .4 but for clarity they are also shown 
in graphical form in Fig. VIII.2 A and B).
The concentration of glucose-6-phosphate decreased from 97 to 75 
n moles/g fresh wt. during the first five min. of ischaemia but then fell 
extremely rapidly to 19 n moles/g fresh wt. during the next 5 min. period.
Fig. VIII.2 (A) In vivo levels of hexose phosphates during
ischaemia. The data is plotted from values given in Table VIII.4.
Fig. VIII.2 (B) In vivo levels of 3-C glycolytic intermediates
during ischaemia. The data is plotted from values given in Table
VIII.4.
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F ru c to s e -6 -p h o s p h a te  c o n c e n t r a t io n s  f e l l  in  p a r a l l e l  w ith  g lu c o se -6 -  
phospha te  b u t  a t  a low er r a t e ,  w h ile  th e  f r u c t o s e - 1 ,  6 -d ip h o sp h a te  
l e v e l  d ec re a se d  s l i g h t l y  a t  f i r s t  and then  in c re a s e d  to  230% o f  i t s  
i n i t i a l  v a lu e .
The c o n c e n t r a t io n s  o f  th e  t r i o s e -p h o s p h a te s  (d ihydroxyace tone  
phospha te  and g ly c e ra ld e h y d e -3 -p h o sp h a te )  d ec re ase d  and in c re a s e d  
e x a c t ly  in  p a r a l l e l  w ith  f r u c to s e - 1 ,  6 -d ip h o s p h a te ;  w h ile  th e  c o n c e n t r a t io n s  
o f  3 -p h o sp h o g ly ce r ic  a c i d ,  2 -p h o sp h o g ly c e r ic  a c id  and phosphoenol p y ru v a te  
d id  n o t  change s i g n i f i c a n t l y  a t  any tim e d u ring  th e  isch ae m ia .  The le v e l  
o f  p y ru v a te  f e l l  s t e a d i l y  from 81 to  61 n m o les /g  f r e s h  w t . ,  which can 
be r e a d i l y  ex p la in e d  by th e  p r o g r e s s iv e  r e d u c t io n  o f  th e  cy top lasm ic  
p y r id in e  n u c l e o t id e  r a t i o s  C[NAD+]/[NADH], see T ab le  V I I I . 4) as oxygen 
was exhaus ted .
I d e n t i f i c a t i o n  Of R eg u la to ry  Enzymes
I d e n t i f i c a t i o n  o f  th e  r e g u la to r y  s te p s  has been perform ed us ing  
th e  p r e t e x t  t h a t  enzymes c a t a ly s in g  'n o n -e q u i l ib r iu m *  r e a c t i o n s  may be 
t e s t e d  f o r  t h e i r  r e g u la to r y  s ig n i f i c a n c e  by th e  p r i n c i p l e  su g g es ted  by 
Krebs (1957); i f  th e  c o n c e n t r a t io n  o f  s u b s t r a t e  f o r  a 'n o n -e q u i l ib r iu m '  
r e a c t i o n  changes in  th e  o p p o s i te  d i r e c t i o n  to  th e  change in  r a t e  o f  flow 
through th e  r e a c t i o n ,  th e n  th e  enzyme c a t a ly s in g  t h a t  r e a c t i o n  must be 
r e g u la to r y .
The in fo rm a tio n  n e c e s s a ry  to  app ly  t h i s  p r i n c i p l e  to  th e  ischaem ic 
sp leen  i s  shown more c l e a r l y  in  th e  'c r o s s o v e r '  p l o t  (F ig . V I I I . 3) ,  
where l e v e l s  o f  in t e rm e d ia te s  p r e s e n t  a f t e r  the  g l y c o l y t i c  f lu x  has 
been a l t e r e d  a re  p l o t t e d  as a p e rc e n ta g e  o f  th e  c o n t ro l  ( u n a l te r e d  f lu x )  
in te rm e d ia te  l e v e l s .  In th e  case  o f  s p le e n ,  th e  d e c re a se d  l e v e l s  o f  
g lu c o se -6 -p h o sp h a te  and f r u c to s e -6 -p h o s p h a te  a s s o c i a t e d  w ith  th e  d ram a tic
Fig. VIII.3 ’Crossover* plot of ischaemic rat spleen, kidney 
and liver. The levels of glycolytic intermediates in the 
ischaemic rat spleen, kidney and liver are plotted as a percentage 
of the control (non-ischaemic) in vivo levels. The levels of the 
intermediates in the control are expressed as 100%. Values for the 
10 min. ischaemic spleen (•) are taken from Table VIII.4. Values for 
the 2 min. ischaemic liver (O) and kidney (□) are taken from Hems and 
Brosnan (1970).
G
LY
C
O
L
Y
T
IC
 
IN
T
E
R
M
E
D
IA
T
E
S
1-1 M iw CO
w o W O  y o
O O o O o C o
166
increase in lactate production (increased glycolytic flux) is proof 
that phosphofructokinase is a regulatory enzyme. A similar 'crossover' 
at phosphofructokinase is also observed in spleens freeze-clamped 
during anaesthesia with diethyl ether (Table VIII.4). Of the other 
'non-equilibrium' reactions, there is no indication from the 'crossover' 
plot for the ischaemic spleen that aldolase and pyruvate kinase are 
regulatory under these conditions.
Table VIII.5 shows how the ratio of T/K' alters for each reaction 
of glycolysis during the ischaemic period. The mass-action ratios (T) 
have been calculated from the intermediate concentrations expressed as 
n moles/g fresh wt. (Table VIII.4) rather than n moles/ml of intracellular 
water (see Table VIII.2) because of the uncertainties involved in 
determining extracellular intermediate concentrations experimentally 
(from the plasma) in the excised organ. Comparison of the mass-action 
ratios calculated in this way with the original 'corrected' rates based 
on intracellular water (see Tables VIII.5 and VIII.3), shows clearly 
that they differ only where the ratio had finite units: (i.e. at the
reactions catalysed by aldolase and glyceraldehyde-3-phosphate 
dehydrogenase plus phosphoglycerate kinase). In these cases the 
concentration differences do not cancel because the number of terms 
involved in the ratio is not even. No independent assessment can be made 
of changes in the equilibrium position of the glucose transport step 
during ischaemia, since the intracellular glucose concentrations are not 
known. This also means that the mass-action ratio given for the 
hexokinase reaction is not a completely realistic figure, based as it 
is on total glucose concentration, so no assessment can be made of how 
changes in its substrate concentration (intracellular glucose) relate to
Adenylate kinase 
0.47 
1.07 
0.76 
1.73 
0.87 
1.98
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Table VI11.5 
Comparison between mass-action ratios and apparent equilibrium constants for reactions of glycolysis in rat 
spleen after varying periods of ischaemia.
Mass-action ratios were calculated from the concentrations of intermediates in Table VIII.4. 
The apparent equilibrium 
constants were as described in the legend to Table VIII.3 as were all assumptions and calculation methods.
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flux changes induced by ischaemia.
The reaction catalysed by phosphofructokinase remains 'non- 
equilibrium' throughout the ischaemic period, although the large increase 
in level of product (fructose-1, 6-diphosphate) after 10 mins, shifts 
the reaction considerably closer to equilibrium. The equilibrium 
states of the other reactions of glycolysis remain relatively constant 
during the ischaemic period, with the exception of pyruvate kinase, 
whose r/K' ratio indicates a shift away from equilibrium by nearly one 
order of magnitude as the [NAD+]/[NADH] and ATP/ADP ratios fall.
For comparison, Fig. VIII.3 also shows a 'crossover' plot of 
glycolytic intermediates from the freeze-clamped rat liver and kidney 
measured from after the onset of ischaemia (Hems and Brosnan, 1970).
The ischaemic kidney shows a strikingly similar pattern to that of the 
spleen and also positively demonstrates that phosphofructokinase is a 
regulatory enzyme under similar conditions. It can also be shown to 
catalyse a non-equilibrium reaction in kidney from the data of Hems and 
Brosnan (1970). However, it is interesting to note that the 'crossover' 
at the phosphofructokinase step occurred in the kidney only 2 min. after 
cutting the blood supply, whereas in the spleen this took 5 - 1 0  mins. 
This observation can be explained on the basis of a much lower oxygen 
content in the kidney which, coupled with a much higher respiratory rate 
than that found in the spleen, (see Weidemann and Krebs, 1969 and 
Section II of this thesis) produces an anaerobic environment within the 
first 60 sec. of ischaemia (Hems and Brosnan, 1970).
The 'crossover' plot for the 2 min. ischaemic liver shows that, 
although flux through the glycolytic pathway is increased, as indicated 
by the 764% increase in lactate production, glucose-6-phosphate and
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fructose-6-phosphate levels actually rose. Thus, there is no positive 
proof that phosphofructokinase is regulatory in the liver.
The increases in glucose-6-phosphate and fructose-6-phosphate 
levels are presumably due to the activation of glycogenolysis, so that 
any tendency for their level to fall in response to increased activity 
of phosphofructokinase would be masked by more rapid ’upstream’ changes 
at phosphorylase and phosphoglucomutase.
CHAPTER IX
THE EQUILIBRIUM POSITION OF THE PYRUVATE 
DEHYDROGENASE REACTION
Introduction
The assumption that pyruvate dehydrogenase catalyses a 'non­
equilibrium' reaction that is essentially irreversible has been accepted 
for a considerable time (Krebs, 1969; Reed, 1969). There is, however, 
no evidence in the literature of any attempt to demonstrate that this is 
so. The experiments undertaken by Reed (see Reed, 1969) and Wieland 
(Wieland et at, 1972; Portenhauser and Wieland, 1972), among others, to 
elucidate the control mechanisms and metabolites that regulate the flow 
of pyruvate through the pyruvate dehydrogenase reaction are based on the 
assumption that the enzyme is regulatory, which in turn demands that it 
catalyse a 'non-equilibrium' reaction (Rolleston, 1972) .
Largely because of the alternative metabolic routes available to 
pyruvate, formal proof that the enzyme is regulatory is difficult to obtain 
with the techniques described and used in Chapter VIII. In most tissues, 
and spleen is no exception, pyruvate levels are determined primarily by 
the cytosolic [NAD+]/[NADH] ratio through the highly active lactate 
dehydrogenase reaction.
In the absence of formal proof that the enzyme is regulatory, proof 
of its 'non-equilibrium’ state and further understanding of the metabolites 
involved in its regulation should provide some justification for its 
assumed role in limiting the entry of glucose carbon into the tricarboxylic 
acid cycle.
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Information about the equilibrium position of pyruvate dehydrogenase 
in situ has been sought in this chapter by comparing the mass-action 
ratio (T) with the apparent equilibrium constant K'p^ in the same manner 
described for the identification of the equilibrium states of the 
glycolytic enzymes. The apparent equilibrium constant (K'pppj) is defined 
as follows:
PDH
[Acetyl CoA][CO,][NADH] 
[CoASH][Pyruvate][NAD+]
Because the enzyme is known to be located within the mitochondrion, it 
is necessary to substitute mitochondrial concentrations of the reactants 
and products to derive the mass-action ratio. The relative impermeability 
of the mitochondrial inner membrane to CoA derivatives has permitted the 
direct fractionation of tissues (e.g. liver and sheep mammary gland slices) 
for the determination of the distribution of acetyl CoA and free CoASH 
(Garland et at, 1965; Gumaa et at, 1973).
Recently, however, citrate synthase has been shown to be at, or near, 
equilibrium in these tissues (Rolleston, 1972; Gumaa et at, 1973) and in 
this chapter the same is shown to be true for the spleen enzyme. Thus the 
mitochondrial free [acetyl CoA]/[CoASH] ratio may also be estimated from 
a knowledge of the mitochondrial concentrations of citrate and oxaloacetate 
calculated according to Williamson (1969).
A comparison has therefore been made of the mass-action ratios of 
the pyruvate dehydrogenase reaction in the rat spleen and liver, and
sheep mammary gland slices: (i) from mitochondrial [acetyl CoA]/[CoASH]
0
ratios determined by direct measurment in isolated mitochondria; and 
(ii) from mitochondrial [citrate]/[oxaloacetate] ratios calculated on 
the basis of the citrate synthase equilibrium.
Abbreviations used throughout this chapter
Lac Lactate
Pyr Pyruvate
Mai Malate
OAA Oxaloacetate
Glut Glutamate
2-OG 2-0xoglutarate
Cit Citrate
Isocit Isocitrate
Asp Aspartate
AcCoA Acetyl CoA
CoASH Coenzyme A
AcAc Acetoacetate
1C * BOHD The apparent equilibrium constant for B-hydroxybutyrate dehydrogenase
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Calculation Methods and Assumptions
(A) Comparison of the mass-action ratio with the apparent equilibrium 
constant of the citrate synthase reaction 
The overall equation for the citrate synthase reaction is:
oxaloacetate + acetyl CoA = citrate + CoASH + H^O
The apparent equilibrium constant K' taken from Stern et al, 
(1952) is:
---- [CltJ [-C-AJ------  = 8.3 x 103M
[AcCoA] [OAA] [H-0] m m 2 Jm
The mass-action ratio,
r
[Cit]m [C°A]m
[AcCoA]m [0AA]m [H20]m
where the mitochondrial concentrations of CoASH and acetyl CoA in the 
cytosolic and mitochondrial compartments were measured using fractionation
studies carried out according to Gumaa et al (1973) and Williamson (1969)
and perfused l iver respectively. The mitochondrial concentrations
for lactating sheep mammary tissue^or acetyi loa ana LOAiJti in the freeze-
clamped liver were calculated on the assumption that CoASH is essentially 
all mitochondrial and that acetyl CoA is evenly distributed between the 
mitochondrial and cytosolic water spaces (Gumaa et al, 1971).
Mitochondrial [citrate] and [oxaloacetate] were calculated as 
described below: by the method of Williamson (1969) for perfused and
freeze-clamped liver, and by the method of Greenbaum et al, (1971) for
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sheep mammary gland. The concentration of water was taken as 55M (Lewis 
and Randall, 1923).
(B) Comparison of the mass-action ratio with the apparent equilibrium 
constant of the pyruvate dehydrogenase reaction.
The overall equation for the pyruvate dehydrogenase reaction is:
Pyruvate + NAD+ + CoASH = Acetyl CoA + NADH + H+ + CC^-
The apparent equilibrium constant taken from Lehninger (1970) and Mahler 
and Cordes (1966) is;
PDH
[AcCoA][NADH][CO ] 
[Pyr][NAD+][CoA]
4.13 x 10
The mass-action ratio (T) is:
[AcCoA] [CO ] _______m 2 m
[Pyr] [CoA] m m
[NADH]m
[NAD+]
CD
where the mitochondrial acetyl CoA and CoASH concentrations were calculated 
by the various methods described above. Carbon dioxide, [C0o] , was 
assumed to be evenly distributed throughout the cytosol and mitochondrial 
water and was taken to be 1.16 mM as calculated by Krebs and Veech (1969) 
for the rat liver at pH 7.0. [Pyr]^ was calculated on the assumption 
that pyruvate is uniformly distributed throughout the cell water 
(Klingenberg, 1970). The [NADH]^/[NAD+]m ratio was calculated from the 
glutamate dehydrogenase system in liver and spleen, and from the 
ß-hydroxybutyrate dehydrogenase system in sheep mammary tissue.
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C a lc u la t io n  o f  th e  m a ss -a c t io n  r a t i o  o f  the  p y ru v a te  dehydrogenase 
r e a c t i o n  assuming c i t r a t e  sy n th a se  to  be a t  e q u i l i b r i u m .
On th e  assum ption  t h a t  the  c i t r a t e  sy n th ase  r e a c t i o n  i s  a t  e q u i l ib r iu m ,  
th e  mass a c t io n  r a t i o  f o r  th e  p y ru v a te  dehydrogenase r e a c t i o n  can be 
c a l c u l a t e d  from:
r
[C it]  [C0_] JmL 2 m
r0MVH2°],n X K'c s  X
[NADH] m
[NAD+1m
( 2)
where m i to c h o n d r ia l  c o n c e n t r a t io n s  o f  c i t r a t e  and o x a lo a c e t a te  were 
c a l c u l a t e d  acc o rd in g  to  W illiam son (1969), u s in g  compartmented m e ta b o l i t e s ,  
( i )  D e te rm in a t io n  o f  [OAA]^
A ssum ptions . I t  i s  assumed, f i r s t l y ,  t h a t  t h e r e  a re  h ig h ly  a c t iv e  
m a la te  dehydrogenases  (MDH) p r e s e n t  in  bo th  th e  m ito c h o n d r ia l  and c y t o s o l i c  
spaces  o f  l i v e r .  A second assum ption  i s  t h a t  th e  c y to s o l ic  m a la te  
dehydrogenase i s  in  e q u i l ib r iu m  w ith  l a c t a t e  dehydrogenase (LDH) through 
th e  NAD+ pool in  th e  c y to s o l  and t h a t  th e  m itochondria l m a la te  dehydrogenase 
i s  in  e q u i l ib r iu m  w ith  g lu tam ate -dehydrogenase  (GDH) th rough  th e  NAD+ pool 
o f  th e  m i to c h o n d r ia l  m a tr ix  space (W illiam son, 1969). I f  l a c t a t e  
dehydrogenase and g lu tam ate  dehydrogenase a re  assumed to  be lo c a te d  
s o l e l y  in  th e  c y to so l  and m i to c h o n d r ia l  m a t r ix ,  r e s p e c t i v e l y ,  th e n ,  a t  
pH 7 .0 ,  th e  fo l lo w in g  r e l a t i o n s h i p s  app ly ;
[Mal] J  [OAA] c
-^l a c J x k ' ldh 
K' mdh
[Mal]m/[OAA] m
[Glut]
------------------------  x
[2-OG] x [NH4+]
k ' gdh
K '
MDH
(3)
(4)
where K’ and K '^ ,^  a re  th e  ap p a re n t  e q u i l ib r iu m  c o n s ta n t s  o f  
l a c t a t e  dehydrogenase , m a la te  dehydrogenase and g lu tam ate  dehydrogenase.
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At pH 7.0, 38° and an ionic strength of 0.25, Kf = 1.11 x 10^,LDH
K'mdjj = 2.78 x 10 5 and K’ ^ = 3.87 x 10 (Williamson et al, 1967).
Also, from a knowledge of the total tissue contents of malate Mal^ 
and oxaloacetate 0AA^ _, the following equations are obtained:
Malt Mal + Mai c m (5)
OAA. = OAA + OAA t e r n (6)
Substituting for Malc and Mal^ in equation (5) allows determination of
OAA : m
[Lac] K*
Mai = (OAA. - OAA ) x ---- x — —  + OAA xt t m rw% m
[Glut] GDH
[Pyr] K’MDH [2-OG] x [NH4 ] 1C*
(7)
(ii) Determination of [Cit],
Cit = Cit. - Cit m t c
[Cit]c = 
[Isocit]
[Isocit]
[2-OG]c x [Mal]c 
[Pyr ]
k 'me
k ’idh
[2-OG]
[Glut]c x [OAA]c 
[AsP]^
x KGOT
OAA^ from equation (6) 
[Mai] from equation (3).
(8)
(9)
(10)
(ID
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Assumptions. The following assumptions are made in calculating the 
mitochondrial citrate concentration by this method:
(i) That aconitate hydratase is in equilibrium in both cell compartments, 
allowing the cytosolic citrate concentration [Cit]c to be calculated from 
the cytosolic isocitrate concentration [Isocit]c. The equilibrium constant 
(K^j) is equal to 0.0741 at pH 6.8, 38° and an ionic strength of 0.25 
(Eggleston and Krebs, 1949).
(ii) That the cytosolic NADP-linked isocitrate dehydrogenase and ’malic*
enzymes are in equilibrium with the same pool of free NADP+/NADPH. K ’^
and K ' nu are the apparent equilibrium constants of ’malic’ enzyme and JLL)H
-2isocitrate dehydrogenase (NADP-linked), which have values of 3.44 x 10 M 
and 0.91M, respectively at pH 7.0, 38° and an ionic strength of 0.25 
(Krebs and Veech, 1969); [2-0G]c is the cytosolic concentration of
2-oxoglutarate.
(iii) That glutamate [Glut]c and aspartate [Asp]^ are evenly distributed
throughout the cell, which allows the cytosolic concentration of 
2-oxoglutarate to be calculated from equation (11). [0AA]c is calculated 
from equation (6) . K „ „  is the equilibrium constant of the glutamate-
oxaloacetate transaminase reaction, which has a value of 6.61 at 38°, pH 
7.0 and an ionic strength of 0.25 (Krebs and Veech, 1969).
(iv) That in the above calculations the values used are always the 
[concentrations] except where an addition or subtraction term is involved. 
In these latter cases (equations 5, 6, 7 and 8) the content is used.
Water distribution in spleen
In order to calculate the concentration of metabolites that are 
unevenly distributed between the cytosol and mitochondrial spaces it is 
essential to calculate the water content of the appropriate compartments.
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Drying of freeze-clamped spleens at 125° for 16 hrs gave a mean 
total water content of 3.3 + 0.1 ml/g dry wt., which includes trapped 
extracellular fluid. The intracellular water volume was assumed to be 
65% of the total water (Williamson, 1969; Keig, 1973), giving a value 
for total intracellular water of 2.145 ml/g dry wt. The mitochondrial- 
matrix water space was taken as the value quoted for liver, that is 0.8 
yl/mg protein (Williamson, 1969). The total mitochondrial content was 
calculated to be 19.2 mg protein/g fresh wt. (see Methodology of Section 
III). The cytosolic water was calculated to be 2.079 ml/g dry wt. and 
the mitochondrial water space to be 0.066 ml/g dry wt.
Results
(A) Distribution of Metabolites In The Perfused Rat Liver, And In
The Freeze-Clamped Liver And Spleen
Table IX.1 compares the cytosolic and mitochondrial concentrations 
and contents of metabolites in the spleen from the well-fed rat, with 
values determined for the freeze-clamped and perfused rat liver. These 
results, the most significant of which are commented on in detail here, 
are used later (Table IX.3) for determination of the mass-action ratios. 
Acetyl CoA and CoASH
Direct measurement of the distribution of acetyl CoA and free CoASH 
in the fractionated spleen shows that both of these metabolites are 
concentrated in the mitochondria. The concentration gradient for acetyl 
CoA is 14.5-fold in favour of the mitochondria, while free CoASH is 
essentially all mitochondrial (200-fold).
The assumption that acetyl CoA is fairly evenly distributed between 
the cytosolic and mitochondrial compartments in rat liver (Gumaa et al, 
1971) appears reasonable in the case of livers perfused with lactate,
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Table IX.2 Content of metabolic intermediates in the freeze-clamped 
rat spleen.
For full details of freeze-clamping and analysis of intermediates 
see Methodology, Sections II and III. The mitochondrial and cytosolic 
acetyl CoA and CoASH concentrations were determined after tissue 
fractionation (P. Chan, personal communication, 1973).
Content (n moles/g fresh wt. of tissue, 
Metabolite and are given as means + S.E.M.)
Malate 117 + 19
Oxaloacetate 3.92 + 0.!
Lactate 854 + 180
Pyruvate 81 + 6
Glutamate 3780 + 740
2-oxoglutarate 88.2 + 9.'
n h / 549 + 1504
Aspartate 2110 + 340
Citrate 249 + 26
I Mitochondrial 0.53
Acetyl CoA 1
1 Cytosolic 1.16
j Mitochondrial 4.78
CoASH
1 Cytosolic 0.77
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where it has also been calculated from analytical measurements made with 
isolated mitochondria (see Table IX. 1) (Williamson, 1969; Garland et al, 
1965). However, these direct determinations (with isolated mitochondria) 
show that perfusion with oleate establishes a gradient of 67 to 1 in 
favour of the mitochondria. The latter finding is to be expected in view 
of the increased ß-oxidation of fatty acid within the mitochondria and 
has the apparent effect of increasing the value of the mass-action ratio 
for the pyruvate dehydrogenase reaction, shifting it closer to equilibrium 
(Table IX.3).
The assumption that the bulk of the free CoASH is mitochondrial 
(Gumaa et al, 1971) is in good agreement with the direct determinations 
of mitochondrial CoASH by Garland et al (1965) for livers perfused with 
lactate in the presence and absence of oleate.
There is evidence in support of these two assumptions concerning 
the distribution of acetyl CoA and free CoASH in rat liver as the 
excellent agreement between the mass-action ratios for the pyruvate 
dehydrogenase reaction calculated from both the [acetyl CoA] / [CoASH] 
ratios and the [citrate]^/[oxaloacetate]m ratios depends, in fact, on 
their validity (Table IX.3).
Malate and oxaloacetate
The concentration gradients for malate were found to vary between 
six and fifty-fold in favour of the mitochondria in the freeze-clamped 
spleen and liver, while the distribution was nearly even in the isolated 
perfused liver. In contrast, oxaloacetate concentration gradients were 
about 20 to 1 in favour of the cytosol in all tissues and tissue 
preparations, including spleen. This value fell to 2.5 to 1 in the 
freeze-clamped liver of 72 hr starved rats and rose to only 8.5 to 1 when
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the rats were refed a high carbohydrate diet. This latter difference in 
cytosolic/mitochondrial oxaloacetate ratio in the starved and refed 
animals compared with the controls was due mainly to a ten-fold increase 
in the mitochondrial oxaloacetate concentration (3.56 yM) . Table IX.3 
shows that under starved/refed conditions the mass-action ratio of the 
pyruvate dehydrogenase reaction decreased by nearly two orders of 
magnitude, removing it even further from equilibrium. This is a reflection 
of the increased mitochondrial oxaloacetate concentration that is due, 
in part, to the increased mitochondrial pyridine nucleotide redox state 
([NAD+]/[NADH]).
Citrate and isocitrate
Citrate was concentrated mainly in the mitochondrial matrix in spleen 
and liver. However, the increase in total citrate content observed in the 
oleic acid-perfused liver was mainly cytosolic, suggested by Williamson 
(1969) to be in agreement with the location of a ’crossover* point between 
fructose-1, 6-diphosphate and fructose-6-phosphate (Williamson et at,
1968b; Williamson et at, 1968a), indicating an inhibition of 
phosphofructokinase by citrate, as this metabolite is known to potentiate 
the ATP-inhibition of the isolated liver enzyme (Passoneau and Lowry,
1963). In contrast, in the freeze-clamped liver from a 72 hr starved 
rat, there was a slight fall in total citrate content accompanied by an 
eight-fold decrease in the cytosolic concentration and a two-fold increase 
in the mitochondrial concentration.
This apparent inconsistency undoubtedly reflects a partial breakdown 
in two of the basic assumptions used to determine the mitochondrial 
citrate concentration. Under starved conditions the activity of the 
'malic' enzyme falls drastically (Gumaa et at, 1971; Wise and Ball, 1964)
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so t h a t  i t  may no lo n g e r  m a in ta in  e q u i l ib r iu m .  Robinson (see  R o l le s to n ,
1972) has shown t h a t  g li ia tam ate  i s  lo c a te d  e s s e n t i a l l y  in  the  m itochondria  
w h ile  a s p a r t a t e  i s  e s s e n t i a l l y  c y t o s o l i c .  This  uneven d i s t r i b u t i o n  i s  
ex a g g e ra te d  even f u r t h e r  when th e  l i v e r  i s  o x id i s in g  f a t t y  a c id .
I s o c i t r a t e ,  a l s o ,  was c o n c e n t ra te d  m ain ly  in  th e  m ito ch o n d r ia  o f  both  
s p le e n  and l i v e r ;  th e  c o n c e n t r a t io n  g r a d ie n t  ranged  from about 4 to  1 
in  th e  s t a r v e d - r e f e d  and c o n t ro l  f reeze -c lam p ed  l i v e r s ,  to  90 to  1 in  
th e  l i v e r s  p e r fu s e d  w ith  l a c t a t e .
2 - 0 x o g lu ta r a te
2 -0 x o g lu ta r a te  was found to  be c o n c e n t ra te d  m ain ly  in  th e  m ito c h o n d r ia l  
compartment o f  s p le e n  and th e  p e r fu s e d  l i v e r ,  whereas th e  d i s t r i b u t i o n  
was more even in  th e  f reeze -c lam p ed  l i v e r s ,  w ith  a c o n c e n t r a t io n  g r a d ie n t  
in  fav o u r  o f  th e  c y to s o l .  The 2 -o x o g lu ta r a te  c o n c e n t r a t io n s  were 
c a l c u l a t e d  on the  assum ption  th a t  the  g lu ta m a te -o x a lo a c e ta te  tran sam in ase  
r e a c t i o n  i s  a t  e q u i l ib r iu m  and t h a t  g lu tam ate  and a s p a r t a t e  a re  even ly  
d i s t r i b u t e d .  D i s t r i b u t i o n  o f  g lu tam ate  and a s p a r t a t e  as  su g g es ted  above 
by Robinson, would le ad  to  a m i to c h o n d r i a l / c y to s o l i c  2 - o x o g lu ta r a te  
d i s t r i b u t i o n  alm ost e n t i r e l y  in  fav o u r  o f  th e  m ito ch o n d r io n .  This 
c a l c u l a t i o n  lends f u r t h e r  su p p o r t  to  th e  s u g g e s t io n  c o n s id e re d  in  th e  
d i s c u s s io n  o f  S e c t io n  I I ,  t h a t  p y ru v a te  o x id a t io n  in  th e  s p leen  may be 
in f lu e n c e d  by th e  r e l a t i v e  c o n c e n t r a t io n s  o f  p y ru v a te  and 2 -o x o g lu ta r a te  
in  th e  m ito c h o n d r ia l  m a t r ix .  The m ito c h o n d r ia l  2 - o x o g lu ta r a te  c o n c e n t r a t io n  
i s  c a l c u l a t e d  to  be 2730 yM, which i s  n e a r ly  35 tim es t h a t  o f  the  
m ito c h o n d r ia l  p y ru v a te  c o n c e n t r a t io n  (81 yM) even under th e  assum ption  
t h a t  g lu tam ate  and a s p a r t a t e  a re  even ly  d i s t r i b u t e d .
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(B) Identification Of The Pyruvate Dehydrogenase Reaction As
’Non-Equilibrium1
By comparing the mass-action ratio with the apparent equilibrium 
constant of the citrate synthase reaction (r/K' ) (Table IX.3) it is
possible to show that it is essentially at equilibrium in the rat spleen, 
sheep mammary gland slices and rat liver under all but one of the 
conditions tested. When the livers were perfused with lactate plus 
oleate the mass-action ratio decreased, which was due mainly to a four­
fold increase in the mitochondrial acetyl CoA concentration combined with 
a 2.5-fold decrease in mitochondrial Co«enzyme A (see Table IX.1).
A comparison of the mass-action ratio with the apparent equilibrium 
constant of the pyruvate dehydrogenase reaction (r/K'p^), using any one 
of the calculation methods described, shows that it is removed from 
equilibrium by a factor of approximately one hundred to one thousand 
million for the rat spleen and liver under nearly all of the conditions 
tested.
The pyruvate dehydrogenase reaction in sheep mammary gland slices 
metabolizing glucose was found to be 1.5 to 3 orders of magnitude closer 
to equilibrium than the reaction in rat liver or spleen. The virtual 
absence of a citrate cleavage enzyme in ruminant mammary gland (Gumaa 
et aty 1973) means that essentially all the acetyl CoA formed in slices 
incubated with glucose will be mitochondrial. This fact, in conjunction 
with the rather reduced state of the mitochondrial [NAD+]/ [NADH] ratio, 
gives a much higher mass-action ratio for the pyruvate dehydrogenase 
reaction (21.8) than that found in the rat liver and spleen.
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Reasons for Using the Method of Williamson (1969) for Calculation of the 
Compartmented Metabolites.
There are two methods proposed recently for calculating the 
concentrations of compartmented metabolites, and both use somewhat 
different assumptions. There is the method proposed by Williamson (1969) 
which in its essential features, has already been described in the text, 
and the method proposed by Greenbaum et al, (1971). The latter method 
differs in several major respects from the Williamson formulation. It 
differs, firstly, in the method used to calculate the distribution of 
oxaloacetate and malate. Secondly, it makes no assumptions about the 
distribution of glutamate and aspartate; and, thirdly, it bases the 
calculation of the cytosolic [NADP+]/[NADPH] ratio on the 6-phosphogluconate 
dehydrogenase reaction, which avoids some of the problems associated with 
the variability of ’malic’ enzyme activity. It has been suggested by 
Greenbaum et al (1971) that the best method for the calculation of 
compartmented metabolites is to combine the two approaches. The method 
of Williamson (1969) is used for malate and oxaloacetate distribution, 
since the method of Greenbaum et al makes use of the ’malic' enzyme, 
whose activity in the rat liver .is thought to be too low to achieve 
equilibrium during certain dietary states (e.g. starvation and diabetes).
The method of Greenbaum et al is used for the distribution of glutamate 
and aspartate which, in contrast to the method of Williamson, does not 
assume even distribution of these amino acids. Although no serious error 
is introduced by Williamson’s assumption of even distribution as far as 
the cytosolic content of the two metabolites is concerned, the method of 
Greenbaum et al (1971) shows that the mitochondrial glutamate content 
varies over two orders of magnitude, being much greater in conditions
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where fat is oxidised (i.e. during starvation or in starved animals refcd 
on a high fat diet) (see also Rolleston, 1972). In consequence, since 
2-oxoglutarate is calculated on the assumption that the glutamate- 
oxaloacetate transaminase reaction is at equilibrium, similar variations 
are found in the distribution of 2-oxoglutarate. The method of Greenbaum 
et al (1971) is used for the isocitrate distribution, which follows 
basically the same pattern as the Williamson procedure, except that the 
cytosolic [NADP+]/[NADPH] is calculated from the 6-phosphogluconate 
dehydrogenase equilibrium instead of from 'malic' enzyme. Excellent 
agreement on the distribution of isocitrate and citrate is found using 
the two methods, except in the case of starved animals. The discrepancy 
in this case may be attributable to the use of the 'malic' enzyme in 
Williamson's method, so that the values obtained from the method of 
Greenbaum are probably the more reliable.
Our use of what is essentially the method of Williamson is due 
partly to the availability of reasonably accessible data for the rat 
spleen and partly because calculations involving the assumption that 
8-hydroxybutyrate dehydrogenase catalyses an equilibrium reaction in 
spleen are not valid (Chapter III).
In calculating the distribution of malate and oxaloacetate by the 
method of Williamson, equation (4) has been modified compared with the 
original, by substituting the mitochondrial [NAD+]/ [NADH] ratio calculated 
from the glutamate-dehydrogenase reaction instead of that determined with 
8-hydroxybutyrate dehydrogenase. The 2-oxoglutarate distribution was 
also calculated on the assumption of Williamson that glutamate and 
aspartate are evenly distributed, since the method of Greenbaum et al, 
(1971) involves the use of the 8-hydroxybutyrate dehydrogenase reaction
i
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for determination of mitochondrial aspartate:
[Asp]L r m [OAA] x L Jm
[3-hydroxybutyrat e] 
[AcAc] X K,BOHD X fNH4 ]
V »
GOT x -----
K 1GDH
Finally, isocitrate was calculated by the method of Williamson, 
involving the use of the 'malic* enzyme and readily available cytoplasmic 
concentrations of 2-oxoglutarate, malate and pyruvate. In Table IX. 3 
mass action ratios for citrate synthase and pyruvate dehydrogenase in 
the freeze-clamped liver are calculated from the metabolite concentrations 
found by the method of Williamson (B) and by the method described above 
(A) (which combines some of the features of Williamson's method with 
that of Greenbaum et aV) . The agreement between the values obtained from 
the two methods, (A) and (B), is so good that the questionable assumptions 
made by Williamson do not appear to significantly influence the result.
The excellent agreement in spleen between values for the mass-action 
ratio of the pyruvate dehydrogenase reaction calculated on the one hand 
from an analytically determined [acetyl CoA]^/[CoASH]^ ratio and, on the 
other, on the basis of equilibrium at citrate synthase, also shows that 
no important errors are introduced by the various assumptions used in the 
latter calculations.
In conclusion it is worth noting that the pyruvate dehydrogenase 
reaction is so far out of equilibrium in all three tissues that even 
large errors incurred during estimation of the mitochondrial [acetyl CoA]/ 
[CoASH] ratios by the two different approaches: (i) in the assumptions
about the distributions of glutamate, aspartate, 2-oxoglutarate and 
isocitrate or; (ii) in the possible alteration of the mitochondrial 
[acetyl CoA]/[CoASH] ratio during tissue fractionation (Gumaa et at, 1973), 
would not bring the reaction significantly closer to equilibrium.
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This i s  so because the  ' n o n - e q u i l i b r i u m 1 s t a t e  o f  the  py ruva te  
dehydrogenase r e a c t i o n  i s  e s s e n t i a l l y  governed by th e  ap p a re n t  e q u i l i b r i u m  
c o n s t a n t  (K' nriIJ = 4 .13  x 10^),  which i s  l a rg e  and ve ry  much in  favou r  o f  
p ro d u c t  fo rm a t ion .  In t h e se  t i s s u e s ,  however,  under th e  c o n d i t i o n s  
t e s t e d ,  the  m a s s - a c t io n  r a t i o  i s  m os t ly  in  favour  o f  the  r e a c t a n t s .
191
DISCUSSION
THE REGULATION OF GLUCOSE METABOLISM IN VIVO
In general, of the reactions of the glycolytic pathway and glucose
oxidation it is the kinases (hexokinase, phosphofructokinase and pyruvate
kinase) and other reactions having very large equilibrium constants
(K ) (e.g pyruvate dehydrogenase) that are the ’non-equilibrium* and eq
therefore potentially regulatory steps (see Table VIII.3 and Chapter 
IX) associated with the uptake and subsequent oxidation of glucose 
to acetyl CoA.
However there are certain inconsistencies in this general statement. 
While the equilibrium constant for aldolase is extremely small and that 
for lactate dehydrogenase is very large, aldolase is marginally ’non- 
equilibrium’ while, as in most other mammalian tissues, lactate 
dehydrogenase is assumed to be at equilibrium.
Phosphofructokinase is the only potentially regulatory enzyme that 
has been positively identified as regulatory under the conditions tested 
in the present experiments (ischaemia and diethyl ether anaesthesia).
The next logical step in developing a theory of glycolytic control in 
the spleen would be to examine in detail the kinetic properties of 
phosphofructokinase in order to determine which metabolites present in 
the spleen act as inhibitors or activators of this enzyme. 
Phosphofructokinase has recently been purified from the pig spleen 
(P.E. Hickman, personal communication, 1973). Although no detailed 
information on the enzyme’s kinetic properties is yet available, 
preliminary work has shown that AMP, Pi, NH4+ and K+ at concentrations
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within the normal physiological range are activators, while normal 
levels of ATP are inhibitory (P.E. Hickman, personal communication, 1973).
In attempting to correlate changes in the steady-state levels of 
these effector molecules with increased carbon flux through 
phosphofructokinase, some preliminary comments on the relative importance 
of these allosteric modulators may be made.
In the spleen, after 10 min. of ischaemia when the ’crossover’ at 
phosphofructokinase was positively identified, ATP levels had fallen 
55%, ADP levels rose 21%, AMP levels rose 525%, Pi rose 90% and NH^ ,* 
levels rose by 262% (Table VIII.4).
At the same time the glycolytic flux, as judged by the production 
of lactate, was considered to be at a maximum.
Preliminary studies with the purified pig spleen phosphofructokinase 
have indicated that activation by AMP is saturated at approximately 150 
yM and is accompanied by a 2-fold increase in enzyme activity. This 
level of AMP, however, is reached after only 5 min. of ischaemia (see 
Table VIII.4), yet the major flux increase through phosphofructokinase 
is not seen for a further 5 min. The ’late’ increase in 
phosphofructokinase activity must therefore be due to other effector 
molecules in addition to AMP, since a further increase in AMP 
concentration would have little significant effect on its own 
phosphofructokinase activity. Ammonium ions (2 mM) have been shown to 
stimulate the activity of pig spleen phosphofructokinase 10- to 20-fold, 
but no quantitative information is yet available for Pi, ATP or K+. It 
is not possible to indicate, at this stage, whether changes in the 
concentration of a single metabolite are specifically responsible for 
the increase in phosphofructokinase activity or whether some form of
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multiple activation is involved. It can only be assumed, until further 
kinetic data are available, that the stimulation is produced by a 
combination of changes in some or all of the potential effector molecules.
The significance of the observation that aldolase catalyses a 
'non-equilibrium' reaction, largely on account of its low activity, 
immediately after a major rate-controlling enzyme (phosphofructokinase) 
is not immediately obvious. It does, however, have the positive 
advantage of allowing fructose-1, 6-diphosphate to accumulate when 
phosphofructokinase is activated which could, on the basis of the well- 
known activating effect of this metabolite on mammalian phosphofructokinase 
(Underwood and Newsholme, 1965), greatly amplify the original activating 
signal and allow flux changes in the pathway, to adjust promptly to 
'weak' allosteric signals.
The observation that pyruvate kinase is a high activity enzyme does 
not appear to be consistent with its role as a 'non-equilibrium' and 
potentially regulatory enzyme. However, the equilibrium constant of this 
reaction is very much in favour of product formation (K = 17,900). At 
a constant ATP/ADP ratio, any tendency for pyruvate to accumulate that 
might allow the reaction to approach equilibrium, (i.e. consistent with 
the high activity of this enzyme), would be counteracted by the much 
more rapid removal of pyruvate through the lactate dehydrogenase reaction. 
Equilibrium might also be achieved under conditions where there were 
'upstream' flux changes (i.e. at the phosphofructokinase-aldolase step) 
that drastically reduced the phosphoenolpyruvate level compared with 
that of pyruvate. Under these conditions, however, the phosphoenol­
pyruvate concentration might fall so far below its for pyruvate kinase 
(30 yM) that pyruvate formation would virtually cease. In either case
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disequilibrium is achieved in spite of the high activity of the enzyme.
Pyruvate dehydrogenase also catalyses a reaction that is almost 
entirely in favour of product formation and is essentially irreversible. 
It is for this reason that the reaction moves towards equilibrium in the 
rat liver under conditions of increased fatty acid oxidation (i.e. 
during starvation or perfusion with oleate - see Table IX.3). The 
mitochondrial level of acetyl CoA, which is one of the products of the 
pyruvate dehydrogenase reaction, rises because it is also an end-product 
of the separate reactions of 3-oxidation. Pyruvate dehydrogenase, being 
essentially irreversible, is unable to alter the acetyl CoA concentration 
by re-converting it to pyruvate, and the [acetyl CoA]/[CoASH] ratio 
rises, bringing the pyruvate dehydrogenase reaction apparently closer 
to equilibrium.
SECTION IV
EFFECT OF GRAFT-VERSUS-HOST REACTION
ON GLUCOSE METABOLISM
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CHAPTER X
THE EFFECTS OF A GRAFT-VERSUS-HOST REACTION 
ON THE METABOLISM OF GLUCOSE BY THE RAT SPLEEN
Introduction
In the studies carried out so far, dietary changes and the availability 
of alternative fuels have produced very few major perturbations of glucose 
metabolism in rat spleen slices. This is consistent with the view that 
the functions of the spleen are not concerned with maintaining homeostasis 
in the levels of circulating metabolites. The tissue is well supplied 
with respiratory fuels from the blood and this is already efficiently 
monitored by the liver and endocrine system to minimize the effects of 
dietary fluctuations on fuel levels.
Lymphoid tissues perform quite different functions that are mainly 
associated with blood surveillance. The spleen, for example, is an organ 
intimately related to red blood cell filtration, storage and destruction; 
and to lymphocyte production required for antibody synthesis and cell- 
mediated immune reactions. The metabolism of lymphoid tissue may be 
influenced more strongly by fluctuating stresses on these functions (for 
example, during diseases of the blood such as malaria, spherocytosis and 
anaemia, Klemperer, 1938) or by immunological stimulation such as that 
associated with the reaction to antigen or bacteria (Taliaferro, 1956) 
or to the conditions of the graft-versus-host reaction.
Metabolic studies of the spleen stimulated by antigen to form 
antibody appear at first sight to provide a good model for further studies 
of metabolic regulation in this organ. Unfortunately, the extremely small
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cell population involved in a specific reaction of this type would not 
be sufficient to allow changes in metabolism to be detected unless the 
studies were performed in vitro with isolated suspensions of reactive 
cells. However, the effect of the graft-versus-host reaction on the spleen 
does offer a system in which there is a gross stimulation of the lymphoid 
system and therefore a strong likelihood that small changes in the 
metabolism of intact and sliced splenic tissue might be detected without 
the need to resort to special cell separation procedures.
The graft-versus-host reaction (GvH)
As the name implies, in this type of reaction, at least in the 
initiating stages, it is the graft or donor tissue that reacts against the 
host or recipient tissue, in contrast to the better known host-versus- 
graft reactions.
A GvH reaction was first reported, although its significance was 
not fully realized, by Murphy (1916). Murphy observed that inoculation 
of the chorioallantoic membranes of young (7 day) chicken embryos with 
fragments of tissues (notably spleen and bone marrow) from adult chicken 
donors resulted in a striking enlargement of the host's spleen and the 
development of whitish nodules of various sizes on the membranes of the 
spleen and elsewhere. These nodules, which frequently displayed central 
necrosis, consisted of accumulations of both granular and agranular cells 
of the leukocyte series. Tissues from adult donors of xenogeneic species 
failed to cause these systematic changes, and no evidence of bacterial 
etiology could be obtained. Murphy tentatively attributed the phenomenon 
he had discovered to stimulation of the embryos' spleens and a consequent 
proliferation of host leukocytic elements in various sites.
However, it was not until 1956 that, quite independently, Billingham 
and Brent (1957 and 1959) and Simonsen (1957) conducted experiments
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specifically designed to demonstrate that reproduceable graft-versus-host 
reactions were a practical possibility. It has been shown subsequently 
that the basic requirements for a successful graft-versus-host reaction 
are: -
(i) the donor tissue .fror graft must contain immunologically competent 
cells;
(ii) the host must possess major transplantation isoantigens that are 
lacking in the graft donor, so that the host appears ’foreign' to the 
donor and is therefore capable of stimulating it antigenically;
(iii) the host itself must be incapable of mounting an effective 
immunological reaction against the graft, at least in the early stages, 
so that the graft has sufficient time to manifest its immunological 
capabilities i.e. the graft must have some security of tenure.
There are two simple and commonly used methods for producing such 
conditions:-
(i) allogeneic immunocompetent lymphocytes, usually taken from the 
thoracic duct lymph or spleen of the donor animal, are injected into 
new-born hosts, whose immature lymphoid system is unable to mount an 
effective immunological reaction against the graft; or
(ii) lymphocytes taken from an adult homozygous (AA) donor are injected 
into a host (newborn or adult) which is a first-generation hybrid (F^, AxB) 
of the donor strain and a different homozygote (BB).
On the assumption that transplantation antigens are determined by dominant 
genes, it follows that A -* AxB gives rise to a situation in which the 
hybrid host cannot reject the graft by immunological means. This is so 
because the graft does not possess antigens that are foreign to the host. 
Conversely, the graft can react against the host, since the latter contains
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'foreign' antigens that are derived from the hybrid.
In the present work, largely because of the volume of material 
required for metabolic studies and because the studies performed so far 
have been confined to the adult or near-adult animal, the second system 
has been used to produce a graft-versus-host reaction. The essential 
prerequisite for the development of this reaction is that the host must 
confront the cellular graft of immunocompetent cells with an alien 
transplantation isoantigen determined by the important H-2 locus and Ag-B 
locus in the mouse and rat respectively, (Elkins and Palm, 1966).
However, it has been shown very recently by Bach et at, (1972), who used 
mixed-lymphocyte-reactions from mice, that it is not a difference in the 
whole H-2 locus that is required, but rather a difference in another locus 
that is within the H-2 histocompatability locus. It has been shown 
unequivocally in the rat and mouse (Billingham, 1966 and Hildermann et al, 
1962) that the immunocompetent donor cell required to produce a graft- 
verus-host reaction is the small lymphocyte. Gowans and McGregor (1965) 
have confirmed previous indirect evidence that a 'homing' of these injected 
cells takes place into the secondary lymphoid tissues of the host 
(particularly into the spleen). Within 24 hrs. of inoculation, a 
proportion of the injected cells transform into large pyroninophilic 
cells (blast cells) that undergo rapid division to produce lymphocytes of 
progressively decreasing size in response to stimulation by the foreign 
antigens of the host. These pyroninophilic cells are similar in 
ultrastructure to the cells described by Marshall and Roberts (1963), 
and Tanaka et al, (1963) that arise from human small lymphocytes under 
the mitogenic influence of phytohaemagglutinin.
The typical clinical and pathological state of the rat during a 
graft-versus-host reaction is characterized by a marked thickening and
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loss of skin elasticity and a subsequent rigidity which inhibits the 
mobility of the animal. The body temperature drops by 2°C and the animal 
ceases to gain weight compared to uninjected, or syngeneically-injected 
controls, after about 10-12 days. Death usually occurs at about 17-18 
days and diarrhoea may be present during the terminal phase.
One of the most consistent early changes in the graft-versus-host 
reaction is a striking enlargement of the host’s spleen and, in some 
cases, lymph nodes, followed by a slow involution of both organs in the 
animals which survive. Splenomegaly is usually apparent at day 7 and, 
depending on the type and strength of the reaction, may continue until it 
is 3-4 times the size of the normal control organ. Histologically, in 
both spleen and lymph nodes, the abnormalities observed include a rapid 
initial disappearance of lymphoblasts and lymphocytes from the follicular 
areas, and a subsequent abnormal proliferation of blast cells and 
basophilic reticulum cells (macrophages lining the splenic sinuses) in 
the red pulp. There is also a large and rapid infiltration of phagocytic 
cells from the blood into the spleen (Nelson, 1969) .
The splenomegaly associated with a graft-versus-host reaction was 
first assumed to be solely due to the proliferation of donor cells in the 
spleen. However, quantitative cytological studies, using chromosomal 
markers on the spleen cell populations of hosts previously innoculated 
with homologous lymphoid cells, have now shown conclusively that 
splenomegally in mice, rats and chickens must be attributed principally 
to host cell proliferation (Zeiss and Fox, 1963; Nowell and Defendi, 
1964; Owen et at, 1965). What provokes the massive host cell 
proliferation is still not known, but the overall reaction may be 
schematically described:-
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factor'
The donor cell A reacts against the transplantation isoantigen B of the 
host cell and, in a manner not yet elucidated, produces a 'factor' or 
'factors' which causes massive host cell proliferation.
In direct contrast to the spleen and lymph nodes, the thymus 
frequently undergoes rapid involution from day 10-11 and has almost 
completely disappeared by day 17 of the reaction. The liver also develops 
small focal areas of infiltration in the portal spaces by cells of the 
lymphohematopoietic series which display massive mitoses. However, no 
abnormalities have been reported in the brain, thyroid, adrenals, 
pancreas, salivary glands, heart, muscle, testes, ovary and adipose tissue.
There are no reports in the literature of metabolic studies on 
lymphoid tissue undergoing a graft-versus-host reaction. Since it has 
been shown in Chapter VII that the metabolism of the rat spleen slice 
is essentially that of its constituent lymphocytes and (possibly) 
phagocytes, any effects of the graft-versus-host reaction on the 
metabolism of these two cell types may be reflected in altered glycolytic 
and respiratory rates. An extensive literature has accumulated on the 
stimulation and transformation of lymphocytes from various sources by 
phytohaemagglutinin (PHA) and other mitogens (Hedeskov and Esmann, 1966 
and 1967; Averdunk and Kirstaedter, 1969). PHA is a protein extracted 
from the kidney bean, Phaseolus vulgaris, that stimulates lymphocytes to 
undergo mitosis between 48 hr. and 72 hr. after its addition (Nowell,
1960). Although the mechanism that brings about stimulation is not yet
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understood, there is reasonable evidence that PHA behaves as an 'antigen'
of low specificity that stimulates a significant proportion of the
lymphocyte population to divide (Pearmain et at, 1963; Elves et at, 1963).
Some aspects of carbohydrate metabolism in lymphocytes undergoing PHA
transformation have been investigated. During the first 4 hr. of
incubation of peripheral blood lymphocytes with PHA glucose utilization
and lactate production are doubled (Hedeskov, 1968). This change is
detectable in rat thymocytes within 45 min. of adding PHA (Culvenor, 1972) .
Quaglino et at, (1962) and Barker and Fames (1967) reported that the
activities of some of the enzymes involved in glucose catabolism were
increased in both the blast cells and transforming lymphocytes. Quaglino
and Hayhoe (1965) found a marked accumulation of glycogen in the cells
after 24 hrs. of incubation with PHA. PHA has also been shown to stimulate 
14 14the production of CO^ from [U- C] glucose in rat blood lymphocytes 
(Hrachovec, 1966) and to increase pentose-pathway activity in human 
peripheral blood lymphocytes (MacHaffie and Wang, 1967).
It is generally held that glucose may be the main source of energy 
for blastogenesis in PHA-stimulated lymphocytes (Hrachovec, 1966) . The 
transformation of spleen lymphocytes to blast cells (pyroninophilic cells) 
during a graft-versus-host reaction may involve a similar mechanism and 
similar changes in the carbohydrate metabolism of a proportion of its 
constituent lymphocytes may be anticipated. The suggestion in Chapter VII 
that lymphocytes account quantitatively for about 80 - 90% of the 
glycolytic metabolism of the spleen means that possible changes in 
lymphocyte carbohydrate metabolism during blastogenesis should be very 
prominent and relatively easy to detect in the spleen during a graft-versus- 
host reaction.
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Another metabolically important population of spleen cells that may 
increase in numbers or become activated during a graft-versus-host 
reaction are the phagocytes (polymorphonuclear leukocytes and macrophages). 
It is suggested in Chapter VII that polymorphs may make a significant 
contribution to the glycolytic metabolism of the normal rat spleen. During 
a graft-versus-host reaction there is a dramatic increase in phagocytic 
activity in the spleen which is progressively infiltrated with large 
numbers of polymorphs (Nelson, 1969) in addition to an abomal proliferation 
of macrophages in the lining of the sinuses.
There has been much interest recently in the biochemical activities 
of phagocytes, particularly those concerned with the production of energy 
for particle uptake and the chemical events associated with particle 
destruction (Sbarra et at, 1971; Kamovsky, 1968). It has been shown 
by Sbarra and Kamovsky (1959) that glycolysis is stimulated during 
phagocytosis and that this provides the necessary energy for the ingestion 
of particles. The increased lactate production observed during 
phagocytosis may also be the cause of the decreased intracellular pH 
observed in polymorphs and macrophages (Rous, 1925). This in turn may 
stimulate the release of lysosomal enzymes involved in the destruction of 
the engulfed particle.
The stimulation of oxygen consumption and pentose pathway activity 
in phagocytosing polymorphs and macrophages is a well documented phenomenon, 
but it is only recently that this process has been shown to be intimately 
associated with the intracellular bactericidal properties of the 
phagocyte (McRipley and Sbarra, 1967a,b; Klebanoff, 1968) . The striking 
increase in pentose phosphate pathway activity (up to 73% greater than 
that of control cells as reported by Selvaraj and Bhat, 1972) results in
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an increase in the production of NADPH. Oxidation of NADPH by a 
particle-bound enzyme, NADPH-oxidase, generates hydrogen peroxide which 
has been reported to increase in polymorphs and macrophages during 
phagocytosis (Iyer and Quastel, 1963; Paul and Sbarra, 1968). The 
hydrogen peroxide in combination with the lysosomal enzyme, myeloperoxidase, 
and a halide ion (possibly iodide), are reported to form a very potent 
bactericidal system (Klebanoff, 1968).
Although there is no quantitative information available on the 
increase in numbers of polymorphs and macrophages in the spleen during 
a graft-versus-host reaction, it is suggested that they would constitute 
an increasingly significant proportion of the total white cell population 
as the splenomegaly proceeds. It is very likely that the altered 
carbohydrate metabolism associated with polymorphs during phagocytosis 
would make a significant contribution to the carbohydrate metabolism of 
the spleen during a graft-versus-host reaction.
The possibility of using the graft-versus-host reaction to produce 
flux changes in various pathways of carbohydrate metabolism (glycolysis, 
direct oxidation of glucose and pyruvate oxidation) that may be related 
to the immunological functions of the spleen is explored in the present 
chapter.
Methods
Preparation of Graft-Versus-Host Rats 
Donor lymphocyte preparation
Spleen cell suspensions were prepared in physiological saline as 
described previously from either Hooded Wistar (H.W.) or D.A. inbred rats 
(10 - 14 weeks).
The cell suspension was allowed to stand for 2 - 3  minutes until
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the large tissue fragments precipitated. The supernatant was then 
carefully decanted off into 20 ml tubes and centrifuged for 5 min. at 
400 x g to collect the cells. After removal of the supernatant the cell 
pellet was mixed with an equal volume of water. Double strength saline 
was added 15 - 20 sec. later until physiological concentration was 
attained. Centrifugation at 400 x g for 5 min. precipitated the 'white' 
cells while the lysed erythrocyte debris remained in the supernatant.
The supernatant was poured off and the cells pooled and made up to ag
concentration of 2 x 10 /ml.
Injection of rats
Male F (H.W. x D.A.) rats (8 - 10 weeks) were injected in the tail-
g
vein with 2 ml of 2 x 10 viable white cells/ml of saline while the 
animal was under ether anaesthesia.
Injected rats were killed and their spleens removed at the appropriate 
times after injection. The spleens and animals were weighed separately 
to calculate the body weight/spleen weight ratio.
Results
14Metabolism Of [U- C] Glucose By Spleen Slices From Uninjected 
(H.W. x D.A.) Rats
Some quantitative differences were observed in the glucose metabolism
of rat spleen slices from the crossbred strain used in the present
experiments compared with the albino outbred Wistar strain used previously.
The crossbred animals were the progeny of a cross between two inbred
strains, D.A. and Hooded Wistar (H.W.). The results in Tables X.l and X.2
compare the net metabolic changes and isotope distribution pattern 
14following [U- C] glucose oxidation by spleen slices from the two different 
strains incubated under identical conditions in the same experiment.
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Isotope distribution following oxidation of [U-^C] glucose by spleen slices from Albino Wistar and F
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Although there was no significant difference in the gas exchange, the 
glucose utilization on a dry weight basis was 52.4% greater in the 
rats. Part of this difference may be explained by the larger wet weight/ 
dry weight ratio of slices prepared from the rats, which would increase 
the apparent disappearance of glucose expressed in terms of dry weight.
There was no difference in the net production of respiratory carbon 
dioxide between the two strains, but the specific radioactivity was 32% 
greater in slices from the F^ strain. This accounts for the larger 
contribution (33%) of glucose to the respiratory fuel calculated on the 
basis of isotope distribution:
specific radioactivity of  ^ CC^ x 100 
specific radioactivity [U-^C] glucose
In calculating the contribution of glucose to the oxidative fuel on the basis
of the net changes in the Wistar strain, as described in Chapter IV, the
lactate formed from endogenous sources was taken to be the mean value found
in previous incubations without added substrate. The specific
radioactivity of lactate produced by slices from the F rats was 89% of
14the specific radioactivity of the starting [U- C] glucose, which suggests 
that production of lactate from endogenous sources is far less important 
in this tissue than it is in the Wistar strain. In calculating the net 
contribution of glucose to the respiratory fuel in slices from F^ rats, 
the endogenously produced lactate was assumed to be the amount required 
to dilute the specific radioactivity to the extent observed. The 
discrepancy between the two values for the contribution of glucose to the 
oxidative fuel of spleen slices from the Wistar rats based on isotope 
dilution and net changes (see Chapter IV) can be readily explained on the 
basis of 'isotope exchange' through the glutamate and aspartate
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transaminase half-reactions. The same calculation, however, only
partially eliminates this discrepancy in the rats. The specific
radioactivity of the glycogen and oligosaccharide pool in the spleen
14slices is the same as the initial [U- C] glucose specific radioactivity, 
suggesting that there is significant net formation of glycogen from 
glucose. When this is taken into account in calculating the net 
contribution of glucose to the oxidative fuel, the two methods of 
calculation give very similar results, namely 38.6 and 36.2% (Table X.l). 
Although the specific radioactivity of glycogen and oligosaccharide was 
considerably diluted in the albino Wistar spleens, application of the same 
argument marginally improves the agreement between the two methods of 
calculation. One of the major differences in glucose metabolism in spleen 
slices from the two strains appears to be in the extent to which glucose 
carbon is diluted prior to its incorporation into glycogen, oligosaccharide 
and lactate. There is little, if any, dilution of the specific 
radioactivity in the F^ slices and this contrasts sharply with the quite 
considerable dilution found routinely in the Wistar slices.
The smaller size of the spleens from the inbred animals probably 
reflects a lower erythrocyte content than that found in the Wistar spleens. 
If, at the same time, the erythrocyte/white cell ratio is smaller in the 
F^ spleens, the ’specific activity’ of the glycolytic flux in this tissue 
should be greater which may account for the greater glucose utilization, 
lactate production and oxidation of glucose observed.
Effect Of Lymphocyte Donor And Time After Injection On The Oxidation Of 
14[U- C] Glucose In Spleen Slices From Rats During A Graft-versus-Host 
Reaction
In optimising the conditions under which glucose metabolism of the 
spleen could be studied during a graft-versus-host reaction (GvH), the
Fig. X.l Effect of time and lymphocyte source on the body 
weight/spleen weight ratio during a graft-versus-host reaction.
g
(H.W. x D.A.) rats were injected with 4 x 10 lymphocytes 
from the spleens of either D.A. or H.W. donors. Body weight/ 
spleen weight ratios are plotted as a percentage of the control 
ratios (obtained from uninjected animals) at different times after 
injection and the results are the means + S.E.M.
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effect of different donor allogeneic lymphocytes was followed by 
comparing the body weight/spleen weight ratios at different times after 
the injection of cells. Both D.A. and H.W. cells increased the spleen 
weight 15 - 20 hr. after injection (Fig. X.l) but the decrease in 
body weight/spleen weight ratio at this stage was probably due to an 
initial sequestering of the foreign cells coupled with a large invasion 
of the spleen by blood leucocytes. Sixty-four hours after injection the 
ratio from both donors returned nearer to the uninjected value, which 
may reflect the destruction and removal of much of the sequestered 
foreign matter.
Six to seven days (144 - 168 hr.) after injection of H.W. lymphocytes 
the ratio decreased by 30 - 38% compared with the control animals and this 
was interpreted as positive evidence for a GvH reaction (Billingham, 1966). 
The ratio from the rats injected with D.A. lymphocytes decreased by 11.5% 
after 7 days compared with the control value. However, the extremely 
large variation found in the body weight/spleen weight ratio indicates 
that the D.A. lymphocytes did not consistently illicit a strong, 
reproducible GvH reaction. It was found on average that only about one 
in three animals injected with D.A. cells gave a positive GvH reaction.
Table X.3 gives a comparison of some of the metabolic parameters 
measured in incubated slices when D.A. and H.W. donor cells were used 
separately to illicit GvH reactions. During the first 2 V 2 days after 
injection there was little effect on the gas exchange in slices from 
either D.A. or H.W. injected animals. Seven days after injection, when 
splenomegaly was at a maximum, the oxygen consumption increased by 13% 
and 24% in slices taken from the D.A. and H.W. injected animals 
respectively. Glucose utilization was unaffected in slices from D.A.
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injected animals. Following injection with H.W. cells glucose uptake 
decreased 18% at 20 hr. and 64 hr. and finally increased 13.1% seven days 
after injection. Although, accompanying this increase, there was a 
corresponding small increase in the incorporation of radioactivity into 
the respiratory carbon dioxide, there was no significant increase in the 
percentage contribution of glucose to the respiratory fuel. When this 
percentage was recalculated on the basis of the net changes, the same 
discrepancy observed in the control slices was found and can presumably 
be explained in the same way. The only significant effect on lactate 
production was observed in animals 20 hr. after injection with D.A. cells, 
when its production increased by 21%.
All further investigations were carried out with the H.W. injected
animals and Fig. X.2 summarizes some of the basic metabolic information
obtained. The only really clear changes are the 30% rise in oxygen
consumption and 15% increase in glucose utilization which occured seven
days after the injection of the animal. The incorporation of
14radioactivity from [U- C] glucose into protein and nucleic acid by 
spleen slices is shown in Fig. X.3 for different stages of the GvH 
reaction. The reduction in body weight/spleen weight ratio 6 - 7  days 
after injection of allogeneic cells (see Fig. X.l) is due to an 
approximate doubling in spleen weight, caused by extremely active cell 
proliferation. These changes are coincidently associated with a striking 
increase in incorporation of glucose carbon from [U-^C] glucose into 
nucleic acid and protein shown in Fig. X.3. The changed fate of label 
described in these experiments susggests that a small proportion of the 
total glucose carbon utilized may be diverted into the pentose pathway 
to provide net nucleic acid precursors for cell proliferation. Such a
Fig. X.2 Glycolytic changes in spleen slices from rats during
a graft-versus-host reaction. Incubations were carried out as
previously described. Spleens were taken from rats and
7injected with 4 x 10 lymphocytes from H.W. rats. 20 and 64 hr. 
values are calculated from Table X.3. 7 day values are the means
of two separate experiments (8 incubations).
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14Fig. X.3 The incorporation of radioactivity from [U- C] 
glucose into protein and nucleic acid by spleen slices from F 
rats during a graft-versus-host reaction. Spleens were taken
g
from F^ rats injected with 4 x 10 lymphocytes from H.W. rats. 
The incubations were carried out as described in the text. The 
radioactivity incorporated into protein and nucleic acid in the 
slices was extracted and counted as described in the Methods 
section (see Section II). The results are expressed as a 
percentage of the control and are the means + S.E.M. of six
incubations.
212
diversion of carbon implies changes in glucose-6-phosphate and fructose- 
6-phosphate metabolism that would require a partial inhibition of the 
glycolytic pathway to allow the steady-state levels of these intermediates 
to be increased.
The possibility that the flux of glucose carbon through the rate- 
limiting step of glycolysis (phosphofructokinase) might be altered to 
bring about increased flux through the pentose phosphate pathway prompted 
further investigation of:
(i) the regulatory enzymes of glycolysis in the rats; and
(ii) changes in the glycolytic flux and intermediate levels in the whole 
organ during the GvH reaction.
Maximal Glycolytic Enzyme Activities In The Spleens Of Unstimulated 
And GvH Fx (H.W. x D.A.) Rats
In spite of the somewhat higher rate of glucose uptake and oxidation 
in the spleens from the F^ (D.A. x H.W.) compared with the albino Wistar 
rats, their maximal glycolytic enzyme activities were remarkably similar 
(compare with Tables X.4 and VIII.1). There were also very few
significant differences in enzyme activity between the control uninjected 
F^ spleens and F^ spleens from six-day GvH animals, except for a 33% 
increase in phosphofructokinase activity. As was found in the albino 
Wistar rat spleen, hexokinase, phosphofructokinase, aldolase and 
glucose-6-phosphate dehydrogenase, were all low activity enzymes that 
are potentially regulatory, while the other possible regulatory enzyme, 
pyruvate kinase, had a relatively high activity.
Identification Of ’Non-Equilibrium* Reactions
Comparison of the mass-action ratios (r) and T/K' ratios for the 
F^ rat spleens (Table X.5) with those found for the albino Wistar
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Table X.4 Glycolytic enzyme activities in the spleen of inbred
male rats, progeny of an H.W. x D.A. cross.
The enzyme activities in 40,000 x g supernatants of spleen 
homogenates were performed by P.E. Hickman. The number of determinations 
are given in parentheses.
Activity
Enzyme (y moles/min/g fresh wt. at 25°)
Normal GvH*
Hexokinase 1.2 + 0.1 (4) 1.1 + 0.1 (4)
Phosphoglucoseisomerase 27.5 + 1.7 (4) 24.3 + 2.5 (3)
(back)
Phosphofructokinase 1.8 + 0.2 (4) 2.4 + 0.3 (5)
Aldolase 1.5 + 0.1 (3) 1.5 + 0.1 (3)
Triose phosphate isomerase 180 + 15 (2) 146 + 20 (2)
Glyceraldehyde-3-phosphate 10.6 + 1.3 (2) 14.7 + 2.5 (2)
dehydrogenase
Phosphoglycerate kinase 74.0 + 2.8 (4) 78.2 + 5.8 (3)
Phosphoglycerate mutase 45.6 + 2.5 (4) 49.7 + 2.5 (3)
Enolase 19.8 + 1.1 (4) 20.6 + 1.3 (3)
Pyruvate kinase 47.1 + 3.0 (5) 56.0 + 1.8 (5)
Lactate dehydrogenase 90.8 + 3.2 (5) 96.9 + 8.4 (5)
Glucose-6-phosphate 5.8 + 0.3 (4) 6.2 + 0.4 (4)
dehydrogenase
Fructose-1, 6-diphosphatase <( 2 (2) <().;2 (2)
g
*GvH animals were prepared by injecting 4 x 10 parental 
HW lymphocytes into the tail veins of each F rat. 
Animals were killed 6 days after injection.
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Table X.5 Mass-action ratios versus equilibrium constants for the
glycolytic pathway in (D.A. x H.W.) freeze-clamped 
spleens.
Mass-action ratios were calculated from the concentrations of 
intermediates given in Table X.6. Concentrations given as n moles/g 
fresh wt. were taken as equivalent to uM. The remaining details of 
calculation were as for Table VIII.3.
Enzyme reaction Apparent
equilibrium
constant
( K 1)
Mass-action
ratio
( H
Ratio
r/K'
Hexokinase 4700 1.1 x 10~2 2.34 x 10
Phosphoglucoseisomerase 0.41 2.8 x 10'1 0.68
Phosphofructokinase 1003 4.2 x 10_1 4.2 x 10"
Aldolase 9.6 x 10"5 5.4 x 10"6M 5.6 x 10"
G-3P-dh plus
phosphoglycerate kinase
59 92 1.56
Phosphoglycerate mutase 0.15 3.1 x 10_1 2.06
Enolase 2.93 7.5 x 10"1 0.26
Pyruvate kinase 17,900 16.1 -49 x 10
Lactate dehydrogenase assumed at equilibrium
Adenylate kinase 0.44 0.31 0.72
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spleens (Table VIII.3) shows that, in spleens from both types of rat, 
phosphofructokinase, aldolase and pyruvate kinase all catalyse ’non- 
equilibrium' reactions. No attempt has been made to determine the 
intracellular glucose concentration in the rat spleens but, as the 
equilibrium constant itself is the major factor responsible for the 
disequilibrium of the hexokinase in the outbred Wistar spleens, this 
enzyme is assumed to be a 'non-equilibrium' step here also.
The Identification Of Regulatory Enzymes And The Effect Of GvH Reactions 
On Glycolytic And Related Intermediates
The levels of glycolytic and related intermediates found in vivo in 
freeze-clamped spleens from normal rats and F^ rats undergoing a GvH 
reaction are given in Table X.6. The glycolytic intermediate levels 
are also presented in the form of a 'crossover' plot (Fig. X.4).
There was no evidence of an overall change in the flux rate through 
glycolysis (as monitored by the lactate concentrations), but a large 
increase in glucose-6-phosphate and fructose-6-phosphate and a corresponding 
decrease in fructose-diphosphate concentrations observed on the sixth day 
of the GvH reaction suggest that there was decreased flux through 
phosphofructokinase, which has already been shown to be a regulatory 
enzyme (Chapter VIII). Glucose-6-phosphate dehydrogenase has been shown 
to be a 'non-equilibrium' enzyme in Krebs ascites cells (Gumaa and McLean, 
1969) and to catalyse a rate-limiting reaction at the head of the 
oxidative limb of the pentose-phosphate pathway. Although there is no 
evidence to suggest that this enzyme catalyses a 'non-equilibrium' 
reaction in the rat spleen also, it does have a low maximal activity that 
is not inconsistent with regulatory properties. The for glucose-6- 
phosphate dehydrogenase, using glucose-6-phosphate as substrate, is 
approximately 40 yM in the rat spleen (P.E. Hickman, unpublished data,
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Table X. 6 Levels of glycolytic and related intermediates in
freeze-clamped spleens from normal and GvH rats.
The intermediates were assayed in extracts prepared as described in 
the text. The concentrations are expressed as n moles/g fresh wt. All 
results are the means + S.E.M. of 4 or 5 values as indicated in 
parentheses. Where results have been tested for statistical significance 
N.S., means not statistically significant.
Parameter
measured
Control
(5)
(uninjected)
GvH
(5)
(15 hr.)
GvH
(4)
(6 day)
Body wt./spleen wt. 459 + 15 351 + 36 286 + 20
Glucose 2206 + 149 1955 + 53 1924 + 97
G-6-P 84 + 6 87 + 6 113 + 8 Sig. P < 5%
F-6-P 24 + 2 26 + 2 36 + 3 Sig. P < 2%
FDP 35 + 4 17 + 2 22 + 1 Sig. P < 5%
Triose-P 76 + 10 49 + 6 65 + 12 N.S.
3-PGA 90 + 4 24 + 5 37 + 2 Sig. < 0.,n
2-PGA 28 + 4 17 + 3 17 + 3 p < 5%
PEP 21 + 3 14 + 1 20 + 3 N.S.
Pyruvate 94 + 8 59 + 3 79 + 6 N.S.
Lactate 1267 + 113 1004 + 107 1388 + 186 N.S.
Lac/Pyr 13.6 + 1.2 17.3 + 2.3 22.2 + 1.9
[NAD+]/[NADH] 683 + 63 552 + 58 528 + 40
(cytoplasmic)
ATP 2565 + 78 2670 + 144 2655 + 69
ADP 718 + 37 639 + 42 606 + 28
AMP 63 + 3 53 + 4 84 + 7
Pi 2614 + 62 2633 + 186 2622 + 98
ATP/ADP 3.60 + 0.17 4.20 + 0.09 4.40 + 0.16
Energy Charge 0.87 + 0.004 0.89 + 0.002 0.89 + 0.006
ATP/ADP x Pi 2303 + 128 2725 + 248 2807 + 147 M-1
(measured)
Fig. X.4 ’Crossover* plot during a graft-versus-host reaction. 
The levels of glycolytic intermediates in the 15 hr. and 6 day 
GvH spleens are plotted as a percentage of the control. The levels 
of the intermediates in the control are expressed as 100% and all 
the values are taken from Table X.6.
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1972). However, the glucose-6-phosphate level found in the uninjected 
F spleens (84 + 6 yM) is well above the Km and its increase from 84 yM 
to 113 yM by the sixth day of the graft-versus-host reaction would make 
very little difference to the rate of glucose carbon flow through the 
glucose-6-phosphate dehydrogenase reaction. Carter and Parr (1967) have 
reported competitive inhibition of a partially purified 6-phosphogluconate 
dehydrogenase from human white cells by fructose-1, 6-diphosphate (FDP).
It might be envisaged then that a reduction in the steady-state 
concentration of FDP by day six of the graft-versus-host reaction could 
increase the flux of glucose carbon through the oxidative limb of the 
pentose pathway by de-inhibiting 6-phosphogluconate dehydrogenase. However, 
FDP levels as high as 0.6 mM are required for a 25% inhibition and 3.0 mM 
for a 60% inhibition of the isolated enzyme. It is unlikely therefore 
that the concentration of FDP in the unstimulated spleen (20 - 30 yM) 
would be sufficient to cause any significant inhibition of the enzyme 
in vivo.
The intermediate levels between fructose-diphosphate and phosphoenol- 
pyruvate were below the control values at the fifteenth hour and on the 
sixth day of the graft-versus-host reaction. Phosphoenol pyruvate and 
pyruvate decreased significantly 15 hr. after injection of the allogeneic 
cells, but the remaining intermediates up to and including lactate were 
not significantly different from the control values at either stage of 
the GvH reaction. However the decrease in pyruvate level and increase 
in lactate resulted in a 23% reduction of the cytoplasmic free [NAD+]/[NADH] 
ratio on the sixth day after injection.
Although the increase in ATP concentration during the GvH reaction 
was small, there was a concomitant decrease in ADP level so that the
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[ATP]/[ADP] and [ATP]/[ADP] x [Pi] ratios increased by 17% and 22% 
respectively, on the sixth day after injection. The energy charge 
increased to 0.89, 15 hr. after injection and was maintained at this 
level until the sixth day. In view of the well-known inhibitory effect 
of a high [ATP]/[ADP] ratio and high energy charge on the activity of 
phosphofructokinase (Mansour, 1972; Atkinson, 1966) and of physiological 
levels of ATP on pig spleen phosphofructokinase, it is quite possible 
that small changes in these ratios may be responsible for a decrease in 
flux through this rate-limiting step during the graft-versus-host reaction.
The increase in AMP concentration was significant and in the range 
found to have an activing effect on a purified preparation of pig 
spleen phosphofructokinase (K^ for AMP - 50 yM; P.E. Hickman, personal 
communication, 1973). The apparent decrease in phosphofructokinase 
activity, where an increase might have been expected due to the increased 
AMP levels, suggests that the inhibitory effects of the raised energy 
charge and/or ATP/ADP ratio must have overruled the potential stimulatory 
effect of increased AMP concentration (Atkinson, 1968).
Pentose Pathway Activity In The Spleens Of Uninjected Rats And 
Rats During A Graft-Versus-Host Reaction
Although there was no definite evidence from the freeze-clamp data 
that the flux of glucose carbon through the pentose pathway increased 
on the sixth day of a graft-versus-host reaction, there is, however, a 
suggestion from the ’crossover* plot (Fig. X.4) that glucose carbon 
flux through phosphofructokinase was decreased, yet there does not appear 
to have been any overall decrease in glycolytic rate. If this assumption 
is correct, then, there must have been a corresponding increase in the
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metabolism of glucose through the pentose pathway in order to maintain 
the level of triose phosphates required for the unaltered rate of 
formation of lactate and pyruvate.
Measurement of the contribution of the oxidative limb of the pentose 
pathway to the metabolism of glucose (3.6%) in the spleen of uninjected 
F (H.W. x D.A.) rats shows that it is very similar to the value found 
for the albino Wistar rats (1.8%) but, surprisingly, remained unchanged 
in the spleens from rats on the sixth day of the graft-versus-host 
reaction (3.3%( (see Table X.7). Any increase in glucose carbon flux 
through the pentose-phosphate pathway therefore, does not appear to 
proceed through the oxidative limb.
In Krebs ascites cells and in the phosphofructokinase-deficient
t
yeast, Rhodo%orula gvacilis, where activities of both the oxidative and 
non-oxidative segments of the pentose pathway have been assessed, it was 
reported (Gumaa and McLean, 1969; Hofer et at, 1971) that 80% of the 
pentose moieties formed, originated via the non-oxidative transketolase- 
transaldolase route according to the following net equation:
2 Fructose-6-P + glyceraldehyde-3-P 3 pentose-5-P
It seems reasonable to postulate that, if the non-oxidative limb of the 
pentose pathway is of similar importance in spleen, increased metabolism 
of fructose-6-phosphate by this route may account for the increased 
incorporation of glucose radioactivity into nucleic acids during the 
graft-versus-host reaction. In Krebs ascites cells it has been shown 
(Gumaa and McLean, 1969) that both reactions catalysed by transketolase 
are ’non-equilibrium’ and it is suggested, on both teleological and
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energetic grounds, that this enzyme is the most likely step of the ’non-
oxidative' route to be under metabolic control. The increased level of
fructose-6-phosphate observed in the spleen on the sixth day of the
graft-versus-host reaction may be sufficient to increase the rate of flux
through the transketolase reaction. Although there are no kinetic data
available for the transketolase enzyme in spleen, the for fructose-6-
phosphate in the presence of 0.01M ribose-5-phosphate was reported to be
1.8 mM in yeast (Racker, 1961). The steady-state levels of fructose-6-
phosphate in many tissues including kidney, liver, spleen and Krebs
ascites-tumour cells are in the yM range (Hems and Brosnan, 1970; Gumaa
and McLean, 1969) and it would not be an unreasonable assumption that the
Km for fructose-6-phosphate in mammalian tissues is at least an order of
magnitude lower than that recorded for yeast. Even if this were not the
case the 50% rise in the steady-state level of fructose-6-phosphate in the
spleen on the sixth day of a graft-versus-host reaction might be sufficient
to cause a substantially greater flux of glucose carbon through the
transketolase reaction; enough, at least, to account for the increased
pentose-pathway activity required to promote increased glucose carbon
incorporation into nucleic acid.
A number of methods have been used for estimating the extent to
which the non-oxidative and oxidative limbs of the pentose-phosphate
pathway contribute to the metabolism of glucose by following the conversion 
14of C labelled substrates into pentose-phosphate moieties of DNA and RNA
(Bagatell et at, 1959; Sable and Cassisi, 1962; Wood et at, 1963).
Another approach to the evaluation of the relative contributions of both
18pathways involves following the fate of 0 into both CO^ and pentose 
18moieties from O-labelled hexoses. This method has an advantage over 
the use of ^C-labelled hexoses in that when either [1-^0] glucose or
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18 18 [6- 0] glucose passes through the glycolytic pathway, 2-[3- 0]
18phosphoglyceric acid is formed which loses the 0 on dehydration to
14phosphoenol pyruvate and, in contrast to [3- C] pyruvate, oxidation of 
pyruvic acid yields unlabelled CO^ (Rittenberg and Ponticorvo, 1962; 
Caprioli and Rittenberg, 1968a,b, 1969).
Provided access to a mass spectrometer is available, application of 
these techniques should provide additional experimental evidence for the 
suggested increase in activity of the non-oxidative limb of the pentose- 
phosphate pathway under the conditions of a GvH reaction.
Conclusions
The main effects of the GvH reaction on the oxidative metabolism of 
glucose appear to be:
(i) an increased respiratory rate (30%) coupled with a very small 
increase in the oxidation of glucose (5.4%);
(ii) a small increase in glucose utilization and;
(iii) a possible diversion of glucose carbon through the non-oxidative 
limb of the pentose-phosphate pathway coupled with a decreased flux 
through phosphofructokinase.
Although the increased respiratory rate and glucose uptake observed 
are consistent with the expected increase in phagocytic activity of the 
polymorphs and macrophages in spleen slices of rats undergoing a GvH 
reaction (sixth day), another essential characteristic metabolic parameter 
associated with this activity i.e. the stimulation of the oxidative 
pentose-phosphate pathway was not observed.
It must therefore be concluded that the changes in the oxidative 
metabolism of glucose are more likely to be associated with lymphocyte 
proliferation and transformation than with phagocytosis and that the 
phagocytes of the spleen (polymorphs and macrophages) do not play so great
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a quantitative röle in the oxidative metabolism of the tissue as was 
originally proposed.
SECTION V
GENERAL DISCUSSION
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CHAPTER XI 
GENERAL DISCUSSION
The Mechanism Of Glycolytic Control In Slices
In Section III of this thesis control of glycolytic flux in vivo 
was clearly shown (at phosphofructokinase) during ischaemia (anoxia)
and diethyl ether anaesthesia. There were also indications that flux
ofthrough phosphofructokinase changed under the conditions^ 
graft-versus-host reaction (see Section IV). In the slice incubations 
described in the preceding section, on the contrary, no change in 
glycolytic flux was observed under a variety of conditions expected to 
influence glucose consumption, including anaerobiosis, starvation, or 
incubation with competitive oxidative substrates. Loss of the ability 
to control glycolytic flux, which can be clearly demonstrated in the 
intact organ, must therefore occur during the preparation of the slice 
or during the early stages of incubation.
There are three possible ways in which glycolytic regulation in the 
slice might be lost: firstly, the rate of glycolysis might be limited
by the leakage of cofactors or adenine nucleotides from the sliced 
tissue; secondly one (or more) of the potentially regulatory or non- 
regulatory glycolytic enzymes may become so severely inhibited that it 
effectively becomes a new rate-limiting step. Effector metabolites 
(physiologically significant activators or inhibitors) directed at the 
original rate-limiting step would now no longer be able to cause 
significant alterations in flux through the pathway. Thirdly, the reverse 
situation may exist in which the original rate-limiting enzyme becomes so 
highly activated that inhibitor or activator metabolites no longer have
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the usual effect on flux through the pathway.
The first two possibilities are the least likely, since the high 
rate of conversion of glucose to pyruvate, far in excess of the amount 
required for oxidation to C O b y  the tricarboxylic acid cycle, suggests 
that the pathway flux to lactate has been increased rather than inhibited.
The third possibility is the one most consistent with the experimental
findings. While glucose uptake was only marginally increased under
anaerobic conditions (Pasteur effect), alternative oxidative fuels such
14as lactate, pyruvate and acetoacetate competed strongly with [U- C] 
glucose for oxidation to CO^, but were without effect on the total uptake 
of glucose and its subsequent conversion to lactate. The overall rate 
of glycolysis may be determined under these conditions by the 
availability of substrate (intracellular glucose) for hexokinase, for 
example, which is dependent, in turn, on the activity of the glucose 
carrier. The activity of the transport step may set an upper limit to 
flux through the pathway under conditions of maximal stimulation. Flux, 
however, may still be ultimately limited at the phosphofructokinase 
step if this reaction remains significantly out of equilibrium, as the 
steady-state level of fructose-6-phosphate would tend to fall progressively 
below the  ^ for this enzyme as its activity increased, and would 
eventually set an upper limit to flux unless there were concomitant 
increases in the activity of the glucose carrier and hexokinase. The 
extent to which rising fructose-1, 6-diphosphate concentrations would 
offset the effect of a fall in fructose-6-phosphate would be dependent, 
in turn, on the activity and equilibrium position of aldolase in the
slice.
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In order to provide some evidence for this hypothesis, changes in 
the levels of regulatory metabolites that influence the activity of 
phosphofructokinase and that may possibly maintain it in a highly 
activated state must be identified in the slice. The level of ATP in 
slices during incubation has been shown to fall rapidly (2.62 mM -*• 1.42 
mM, see Table III.l). This rapid decline in concentration of a potent 
inhibitor of phosphofructokinase should have the effect of activating 
the enzyme. However, as indicated in Chapter III, the rate of glucose 
utilization and lactate production by slices is linear throughout the 
entire incubation period (Fig. III.3). If an increase in phosphofructo­
kinase activity occurred in response to a declining ATP concentration 
as the single activating factor, the glycolytic rate would be expected 
to increase markedly during the early phase of the incubation, since the 
major fall in the ATP level occurs during the first 20 min.
Changes in the AMP level in the slice are also given for the 
experiment described in Table III.l and do not increase significantly 
during the incubation when compared with those found in vivo. It is 
therefore extremely unlikely that this metabolite could be responsible 
for the proposed activation of phosphofructokinase.
Potassium ions (K+) and inorganic phosphate (Pi) have also been 
shown to increase the activity of a purified preparation of pig spleen 
phosphofructokinase (P.E. Hickman, personal communication, 1973). The 
presence of 6.1 mM Pi, approximately twice that found in vivo (see Table 
VIII.2), as a component of the slice incubation medium may have some 
stimulatory effect on phosphofructokinase. This would depend on the 
intracellular Pi concentration in the slice during incubation and its 
stimulatory effect at that concentration. Information on either of 
these points is not presently available. The concentration of K+ in the
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incubation medium is only 1.2 mM, nearly two orders of magnitude lower 
than the intracellular level found in most mammalian tissues (White et 
al, 1964), so that no significant stimulatory effect on phosphofructokinase 
is likely from this ion during slice incubations.
4 *Ammonium ions (NH^ ), as mentioned earlier, have also been shown to 
stimulate the pig spleen phosphofructokinase preparation and, in addition, 
the level of this metabolite in the slice just prior to incubation (1.8 
mM), is nearly four times that found in vivo (0.57 mM) (see Tables V. 3 
and VIII.4).
Because 1.8 mM NH^+ is near the concentration required for maximal 
stimulation of the pig spleen phosphofructokinase preparation (10- to 
20-fold), further production of NH^+ during the incubation would have 
little significant additional effect. If this enzyme is the key 
regulatory enzyme of glycolysis under the various conditions tested, 
control of flux at this locus by other effector molecules may be either 
modified or lost. The large production of NH^+ during the slicing, 
washing and oxygenation of the tissue may therefore explain the high 
aerobic glycolytic rate observed in slices, the absence of a Pasteur 
effect and the insensitivity of glucose utilization to prior starvation 
and incubation with other competitive oxidative substrates (lactate, 
pyruvate and acetoacetate).
A similar type of argument has been used to explain the absence of 
a Pasteur effect in rat jejunum mucosa (Tetjawani and Ramaiah, 1971).
It is suggested that in this tissue, phosphofructokinase is maintained 
in an uninhibited state under aerobic conditions, not, as described here, 
by the single action of NH^*, but rather by the synergistic effect of 
NH4+, AMP, Pi and ADP.
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A Final Analysis Of The Slice As A Model For Metabolic Experiments
An evaluation of the slice as a model for metabolic experiments 
was made in Chapter III by comparing a number of important biochemical 
properties of the sliced tissue, such as adenine nucleotide levels, 
energy charge and the cytoplasmic and mitochondrial pyridine nucleotide 
ratios, with those found in vivo. The results showed that these parameters 
compared very favourably in the slice incubated for up to 60 min. with 
those found in vivo, particularly when compared with similar studies of 
other sliced mammalian tissues (brain, liver and kidney). The most 
serious discrepancy was the high mitochondrial free [NAD+]/[NADH] ratio 
observed in slices after 60 min. incubation which can be ascribed, 
principally, to the large production of ammonia. The ratios were 6.3 and 
13.9 in slices incubated with and without glucose, compared with a ratio 
of 3.3 found in vivo. Much of the ammonia is undoubtedly liberated from 
the glutamate dehydrogenase and glutaminase reactions. Net production 
of ammonia during the incubation can only be explained, if equilibrium 
is maintained at the glutamate dehydrogenase reaction, by an increased 
rate of removal of 2-oxoglutarate through its conversion to succinyl CoA 
via the 2-oxoglutarate dehydrogenase reaction, and/or by perturbation 
of the mitochondrial [NAD+]/[NADH] ratio.
As a unifying hypothesis, it is suggested that the release and oxidation 
of amino acids from endogenous protein and the subsequent production of 
ammonia may be the underlying cause of two of the most serious shortcomings 
of the spleen slice as a model for quantitative metabolic experiments. 
Firstly, elevated ammonia levels may be responsible for the loss of 
glycolytic flux control at phosphofructokinase, which leads to an 
abnormally high rate of conversion of glucose into pyruvate. Secondly, 
the same mechanism can be invoked to explain the increased rate of
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oxidation of 2-oxoglutarate to succinyl CoA which may result in a 
further restraint in the oxidation of pyruvate to acetyl CoA, due to 
competition between the 2-oxoglutarate and pyruvate dehydrogenases for 
mitochondrial free CoASH, additional to that already imposed by the 
continuous oxidation of endogenous triglyceride. Taken together these 
two related perturbations may be a sufficient explaination for the 
surprisingly high rate of conversion of glucose to lactate, and the low 
rate of glucose oxidation to CO^, found with the oxygenated slice. Under 
normal conditions in vivo, however, it is unlikely that such high rates 
of ammonia production would prevail (indeed, the freeze-clamped tissue 
values argue strongly against this), so that the 'lost' glycolytic control 
and 2-oxoglutarate-dependent inhibition of pyruvate oxidation found in 
slices may not be truly representative of the metabolism of this tissue 
in vivo.
Future Research
It seems that while one line of further work might investigate the 
competitive mechanisms suggested here in more detail, another approach 
should also be aimed at finding an experimental model that approximates 
more closely to the situation in vivo. Further use of the slice could 
be contemplated if it were possible to prevent the breakdown of protein 
during tissue preparation and incubation, by using, for example, an 
appropriate protease inhibitor.
Alternatively, use of the isolated perfused organ technique with 
many tissues has been advocated as a more physiological system than 
slices, minces or homogenates, partly because of the lack of mechanical 
disruption to the tissue during preparation and partly because of the 
more 'normal’ oxygen tension in the medium delivered to the cells by way
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of the tissue's own vascular system. This may well avoid the release 
and/or activation of endogenous proteases in the spleen. The spleen, 
however, is an organ which is normally filled with all the elements of 
the circulating blood, which are found mainly in the venous sinuses and 
splenic cords. These cells must be considered to be an essential part 
of the tissue. Because of the complex microvascular organisation linking 
the arterial and venous systems in the red pulp of the spleen, difficulty 
has been encountered in maintaining adequate flow rates in the perfused 
organ (Ruble et at, 1969). At the same time considerable quantities of 
the contents of the red pulp (cells of metabolic significance such as 
free macrophages, polymorphs and lymphocytes) could be washed out by the 
perfusion medium if excessive pressure were required to generate flow 
rates compatible with adequate oxygenation of the tissue. The metabolism 
of the organ under these conditions may be very different from that 
prevailing in the organ in vivo.
These problems may be overcome by using a larger animal, such as 
a dog, and making direct measurements of the levels of substrates in the 
splenic artery and vein. Substrate utilization could then be estimated 
on the basis of a statistical analysis of arteriovenous differences in 
the levels of circulating respiratory fuels. However, considerable care 
would have to be taken in interpreting the results if the experiments 
were performed under anaesthesia, as the effect of anaesthetics on 
glucose metabolism, documented and discussed above, not only in the spleen 
but also in other mammalian tissues (Reinauer and Hollmann, 1966) may 
introduce more formidable perturbations to 'normal' substrate utilization 
than those encountered with the slice.
An entirely different approach but one which is compatible with the 
original aims of this project as set out in the introduction (see
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Chapter I), would be to examine experimentally the underlying cellular 
basis of the metabolic pattern found in the intact tissue. An attempt 
has been made to do this in Chapter VII, using a wide range of values 
reported in the literature, but a more direct attack on the problem, 
using isolated cell populations from the rat spleen, could be undertaken, 
aimed at determining their yield and their separate quantitative 
contributions to the oxidative metabolism of the intact organ. Although 
this would not solve the problem of suppressing the development of 
metabolic abnormalities during the isolation and incubation of individual 
cell suspensions in vitro, it may, through an understanding of the 
regulatory mechanisms peculiar to the different component cell populations, 
provide predictive criteria whereby their behaviour in vitro might be 
extrapolated to the intact organ in situ.
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